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Abstract
Lake sediments are natural archives that record the response of a lake to both in-lake processes 
and catchment disturbance (over a range of timescales).  The response (or lack of) of a lake to 
external forcing is a function of the severity of the disturbance (and its areal extent) but is also 
strongly mediated by catchment characteristics, such as slope and hydrological connectivity.  
Many studies of recent lake disturbance have focussed on anthropogenic disruption of 
geochemical cycles, e.g. acidification and eutrophication, which because of their “ecological” 
power appear to over-ride catchment filters.  Lake sediments also record the variability of natural 
disturbance regimes themselves (fire, volcanic ash falls, species invasions, and climate) and 
the consequent lake response but this aspect has received much less attention.  The possibility 
of using lake sediments to address long-term (102 – 103 yr) interactions between e.g., climate, 
catchment ontogeny and disturbance events (and their synergies) has not been fully explored, 
largely because of an over-riding emphasis on climate as a direct driver of ecological change.
Traditionally, limnology has also focussed on a few key sites (sentinels) but in response to 
the development of landscape ecology has progressively embraced a regional approach to 
understanding how lakes respond to external forcing (climate) and disturbance (“lakes in 
the landscape”).  Although the interaction of a lake with its catchment is implicit, i.e. via 
hydrological and nutrient loading, palaeolimnologists rarely take an explicitly spatial view of this 
interaction nor have they considered spatial location (i.e. response of a number of lakes within 
a lake district).  Arguably, the inherent spatial variability of terrestrial disturbance has been 
ignored by palaeolimnologists, largely as a result of focussing on one core from a single lake.
This paper reviews the impact of terrestrial disturbance on lakes but also argues for explicit 
consideration of space and location in determining the resultant temporal variability of the 
ecological response.  The importance of within-lake spatial heterogeneity is also high-lighted 
(i.e. the major contribution of the littoral zone to both diversity and production).  However, 
any attempt to determine spatially replicated (i.e. at a regional scale), holistic (i.e. whole lake) 
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1. Introduction
Anthropogenic impacts on ecosystem processes have now 
reached a global scale (Vitousek et al., 1997) and concern 
is now focussed on climate change, although this is only 
one of many stressors on aquatic systems (Schindler, 1987). 
Increasingly, assumptions of “naturalness” are being 
questioned (Willis & Birks, 2006) as the anthropogenic /
cultural aspect of landscape becomes apparent even in 
supposedly remote areas (e.g. long-range atmospheric 
pollution) (Catalan et al., 2013).  It is also apparent that, at 
the local- to regional scale, cultural disturbance has been 
on-going for millennia and many areas (Europe, Central 
America and south-east Asia) are fundamentally cultural 
landscapes (Fritz, 1989; Anselmetti et al., 2007; Dearing et 
al., 2008).  Importantly, the extent to which anthropogenic 
alteration of the landscape has occurred and the timescale 
of change varies from place to place (Foley et al., 2005) 
but the footprint of environmental change is now global 
(Steffen et al., 2011). 
The rules governing species assembly in ecosystems 
today represent the interplay of both natural and 
anthropogenic processes that have operated at a range of 
temporal and spatial scales (Willis & Birks, 2006; Willis et 
al., 2010).  It is not always easy to differentiate between 
natural and anthropogenic drivers, nor is it clear to what 
extent they interact today in terms of their influence 
on in-lake biogeochemical processes and community 
structure.  For many contemporary disturbance processes, 
the monitoring time series may be too short to adequately 
estimate the relative impacts of anthropogenic impact 
versus natural processes on a lake (Battarbee et al., 2012). 
responses to disturbance will encounter considerable problems associated with dating, loss of 
temporal resolution and among site comparison.  Despite this, it is clear that recent methodological 
developments in the area of biomarkers, compound specific stable isotopes coupled with progress in 
dating (age-models), ecological modelling and statistical analysis offer the possibility of undertaking 
regionally-replicated studies of lake response to natural disturbance, thereby contributing and 
expanding our understanding of ecosystem dynamics at a range of spatial and temporal scales.
Keywords: Fire; limnology; climate; boreal; forest; biogeochemistry; DOC, diatoms. 
It is a reasonable assumption that given a sufficiently long 
temporal perspective, it may be possible to disentangle these 
interactions (natural vs anthropogenic) and consider their 
relative effects on a lake’s biotic structure (Anderson, 1993). 
Our understanding of long-term (centennial to 
millennial) changes in both terrestrial and aquatic 
ecosystems has largely been derived from palaeoecological 
studies (Schoonmaker & Foster, 1991; Battarbee, 2000). 
When viewed from a palaeolimnological perspective, it 
appears that cultural disturbance has created new biotic 
communities or at least irreversibly altered community 
structure in lakes in many areas of the world (Dearing et 
al., 2006; Battarbee et al., 2012).  Concepts of naturalness, 
therefore, need to be revaluated when long-term 
perspectives are taken (Willis & Birks, 2006).  Applied 
palaeolimnology is now widely accepted within the 
“aquatic community”, primarily following its role in the 
debate about lake acidification (Battarbee, 1990).  Regional 
syntheses of lake responses to anthropogenic disruption 
of key biogeochemical cycles (P, N, S) have been made 
(Charles et al., 1994) and the implications of these forcing 
factors for species assembly in lakes assessed (Battarbee 
et al., 2012).  Although attempts are now being made to 
understand the complex ecological responses associated 
with multiple stressors (Smith et al., 2009), sediment 
records tend to be interpreted one dimensionally, 
i.e. as response to an individual key process, such as 
climate or nutrients.  Less well-developed is the use of 
sediment records to address more overtly ecological 
questions and synergies between drivers (Birks, 1998). 
Where multi-proxies are considered across multiple 
lakes, the degree of ecological complexity is obvious.
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Temporal variability is inherent to palaeolimnology 
(Box 1), but for many studies the single lake approach 
ignores landscape heterogeneity while catchment 
variability is treated implicitly.  Here I argue1 that 
emphasis on temporal variability while ignoring the 
spatial complexity/setting of a lake has reduced the 
explanatory power of palaeolimnology due to a failure to 
incorporate the inherent regional heterogeneity of lakes 
and their catchments.  I suggest that while many palae-
olimnologists are aware of temporal scaling, consideration 
of how spatial processes (both landscape and within 
lake) impact the interpretation of sediment records is 
still limited.  A greater emphasis on landscape and lake 
heterogeneity together with an acknowledgement of the 
spatial-temporal variability of climate interactions with 
lakes and their catchments (mediated via disturbance, 
hydrology and relief) would allow more meaningful 
predictions of how lakes, both near and far, will react 
to global environmental change in the 21st century. 
My thesis builds on that of Leavitt et al. (2009) in terms 
of the extent to which catchments filter the transfer of 
mass and energy inputs to lakes; concepts which can be 
traced back to some of the earliest protagonists of linking 
ecosystem approaches and palaeolimnology.  I also 
consider some of the explicit spatial concepts of landscape 
ecology (Turner et al., 2001).  Some of what is presented 
here is not novel, see Oldfield’s prescient review from 1977 
(Oldfield, 1977), for example.  Following each main section, 
the relevant problems and potentials are highlighted.
2. Lakes, disturbance 
and palaeolimnology: the 
“omnipresence of change2”
The disturbances affecting lakes and their biota cover a 
range of temporal and spatial scales (Table 1).  How these 
disturbances are resolved and recorded in lake sediments is 
partly a function of taphomony, sampling strategy and site 
selection, as well as within lake and among site variability 
(see below) but also the nature of the disturbance, its spatial 
location and extent, as well as the hydrological connectivity 
of the lake to its catchment (Fig. 1). 
2.1  Disturbance and temporal scaling
Climate, vegetation and soil processes (and hence water 
chemistry) structure lake communities over long-term 
(103 yr) timescales (Fritz & Anderson, 2013).  The result 
of ontogeny is broadly predictable, although the actual 
species present and their variability at shorter timescales 
are less predictable (Fritz & Anderson, 2013) because 
superimposed on these time dependent (i.e. climate-
independent) driven trends are a variety of natural 
disturbances (Table 1) that operate at a variety of timescales 
and, importantly, in some areas interact with cultural 
impacts as well (Lotter & Birks, 2003). 
Disturbance in natural communities is integral to 
maintaining heterogeneity and diversity at a variety of 
spatial and temporal scales (White, 1979).  Time is central 
to any meaningful definition of disturbance as it requires a 
reference to a pre-disturbance (normal) state and associated 
system variability (Perry, 2002), in that there is a “before 
and after” (Fig. 1), whether it be in terms of changes in 
ecosystem function, productivity or species composition. 
Disturbance implies that the ecosystem trajectory has been 
moved away from its normal path and/or its variance 
increased (Fig. 1).  Importantly, none of the classical 
definitions of disturbance readily distinguish between 
natural and anthropogenic impacts, perhaps because it 
is an artificial distinction in terms of ecological process. 
From an algal perspective, the role of disturbance 
(primarily short-term meteorological forcing) has received 
considerable attention (Reynolds, 1990).  Terrestrial 
disturbance and vegetation response, however, operate 
on longer timescales (White, 1979) (Table 1).  The sampling 
strategies mainly used in palaeolimnology imply a 
1 This review reflects my interests in landscape disturbance and the need to incorporate space more explicitly into the interpretation of 
lake sediment records.  The topics covered and the referencing (to both old and new work) are not exhaustive; geochemistry and stable 
isotopes, for example, receive only marginal treatment.  Most of the examples also come from the temperate, boreal and arctic zones where 
I have mainly worked, but arguably many of the concepts discussed here are applicable to lakes at lower latitudes, or even the southern 
hemisphere.
2 Shugart, H.H. (1998).  Terrestrial Ecosystems in Changing Environments.  University Press, Cambridge.
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temporal resolution greater than 
the annual growth cycle of algae 
and so an alternative interpretation 
of disturbance and successional 
response is required (Anderson, 
1995).  Similarly, linking terrestrial 
disturbance with the in-lake 
responses has to be tempered by 
the realisation that the response 
time of lake biota tends to be 
much shorter than catchment 
successional processes.  There is a 
need to link the temporal scales of 
landscape (terrestrial) disturbance 
and climate change (101–103 yr; 
Table 1) to that of lake ecological 
response; where, given the life 
cycles of many biota, the rates of 
change maybe much more rapid 
(Reynolds, 1990; Anderson, 1995). 
However, catchment disturbance 
will change the biogeochemical 
environment of a lake and 
hence the species assembly and 
community structure.  Given the 
timescale of some geochemical 
processes (e.g. weathering), from 
the perspective of a lake and its 
biota, the surrounding landscape 
has a memory, modulating 
change and creating lags (in terms of lake responses) 
as well long-term ontogenetic changes that filter the 
overarching climate forcing (Leavitt et al., 2009) (Table 1).
2.2  Natural variability and sediment 
records
For contemporary studies, it is the lack of a long-term 
temporal perspective that ultimately hinders attempts to 
clarify the division between natural and disturbed systems 
(Willis & Birks, 2006): for many lakes we know little or 
nothing about them (present or past) and often monitoring 
started when the system was already changing (Magnuson 
et al., 2004).  The majority of limnologists are working on 
disturbed systems and are studying communities that 
are, in part, the product of cultural disturbances to a lake 
and its catchment.  “Long-term” monitoring records, with 
a few exceptions, tend to be rather short when change is 
seen in the context of late-Holocene ecological change. 
Palaeolimnology is mainly concerned with change over 
time, and when used properly can help bridge the gap 
between recent change driven by global environmental 
change [GEC] processes and long-term natural variability, 
and can also address questions central to understanding 
Fig. 1.  Cartoon representation of the impact of spatial variability of catchment disturbance (see 
Table 1) on the temporal variability (x-axis) of in-lake response; ecosystem state (y-axis) could 
be production, community turnover etc.  Importantly, while spatial area and intensity are 
important, particularly for the terrestrial ecosystem (see Turner 2010), the in-lake response will 
be determined, in part, by the degree of hydrological connectivity which determines the transfer 
of nutrients (N, P, C as DOC and POC) as well as minerogenic fractions.  Terrestrial disturbance 
with limited hydrological pathways to a lake may not result in an in-lake response (A); the 
frequency of disturbance will also influence the in-lake response and may delay recovery (B, C). 
A large disturbance with no subsequent events may result in a large response and a slow lake 
recovery due to legacy effects (D).
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how lakes function, e.g. in terms of species assembly and 
biodiversity (Willis & Birks, 2006; Battarbee et al., 2012). 
Regaining “naturalness” is a primary aim of lake 
restoration, and while a central tenet of contemporary 
conservation, it has limited relevance when a 
longer-term perspective is taken: change is the norm 
(Willis & Birks, 2006).  When seen from a long-term 
perspective, the inherent dynamism of aquatic systems 
is obvious with continued species turnover at a variety 
of timescales (102–103 yr) (Reynolds, 1990).  The 
increasingly fine temporal sampling resolution used in 
palaeoecological analysis of Holocene sequences shows 
the greater variability and unpredictable ecological change 
(Bracht-Flyr & Fritz, 2012).  This was demonstrated at 
inter-annual to decadal scales by Simola (1984) and by 
Renberg (1990) at decadal to centennial scales (see below). 
Also, communities in many lakes have been altered by 
anthropogenic disturbance to such an extent that regaining 
the “natural” state is not feasible (there is considerable 
hysteresis in any ecological response to recovery). 
Sediment records have been paramount in 
demonstrating the short-term view of lake restoration 
projects, at least for many culturally-impacted lakes 
in Europe and North America (Charles et al., 1994). 
Recognition of these temporal limitations of monitoring 
and shifting baseline conditions has led to the need to 
incorporate the latter into management and ecological 
restoration scenarios (Battarbee et al., 2012).  A distinct 
advantage of lake sediments is that the record can be 
lengthened (beyond historical monitoring data) easily 
and the sample interval altered to remove biases caused 
by variability in short-term records (Jassby, 1998; Stow et 
al., 1998).  The use of sampling strategies with different 
temporal resolution (inter-annual to decadal) over long 
timescales allows, theoretically, ecological responses to 
contrasting types of disturbance to be evaluated (Fig. 1).
Box 1:  Palaeolimnology – progress and potential
Lake sediments are natural environmental archives that collect information from both a lake’s catchment, the atmosphere and the 
remains of biological production within the lake (Smol 2008).  Importantly, the record of production and community structure is 
selective due to a range of taphonomic processes (Anderson & Battarbee, 1994).  The temporal resolution of sediment cores varies 
considerably but considerable progress has been made in dating recent sediments (using 210Pb) and age-depth modelling, particularly 
of 14C chronologies.  This review largely focusses on biological remains (diatoms, pigments) and microfossils remain the mainstay 
of the discipline.  Many studies also include zooplankton, chironomids and bulk stable isotopes as standard analyses but there has 
been considerable progress in terms of biomarkers: e.g. compound specific isotope analyses and molecular techniques (see the PAGES 
Newsletter, 17, 3 [2009]).  Moreover, methodological progress means that XRF, isotopes and image analysis can be undertaken on small 
samples (i.e. less mass) than previously used, allowing greater temporal resolution. 
For many years palaeoecological techniques were used to indicate change in a largely qualitative manner but site selection, more critical 
problem formulation, hypothesis generation (Birks, 1998), use of statistical tools (such as variance partitioning) for data analysis, and 
multi-proxy/disciplinary studies (Birks & Birks, 2006) have all received increased attention over the last two decades.  Multi-proxy 
approaches are not novel, but the realisation that ecological interpretation is more reliable if a more comprehensive range of factors are 
examined, has motivated researchers to put more effort into these type of studies (e.g. Kråkenes (Birks et al., 2000), Sagistalsee (Lotter & 
Birks, 2003)).  However, such studies suffer from their singularity (n=1).  Moreover, consideration of multiple stressors requires that the 
data are treated in a quantitative fashion with rigorous statistical analysis of the data relationships.
Although there are a whole range of new statistical tools available to palaeolimnologists (Wavelet analysis, Linear models) coupled 
with more traditional approaches such as constrained ordination (Birks et al., 2012), the most fundamental change that has taken place 
in palaeolimnology over the last two decades, however, is still considered to be the development of transfer functions, mainly based on 
weighted averaging (WA) regression and calibration (Birks, 1998).  These models permit the quantitative inference of water chemistry 
variables from microfossils preserved in sediments.  Coupled with misuse of the technique, in that ecologically inappropriate models 
have been developed and applied to sediment core assemblages, the approach has recently been shown to have some statistical flaws 
that mean the inferences from many models should be ignored (Juggins, 2013).  Circumspection has to be the key in their use now.
Good project design, use of carefully selected time periods with appropriate temporal sampling resolution combined with powerful 
statistical methods allows palaeolimnology to address important questions about ecological change in lakes in a critical fashion (Birks 
1998).  However, many studies continue to be subjective, both in terms of their interpretation (i.e. emphasising a single driver) and 
quantitative data analysis is often absent.  There is clearly a need for the greater recognition of ecological complexity and for the role of 
landscape position and catchment processes. 
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The response of lakes to slow/chronic disturbance 
(e.g. metal pollution, SO4 deposition) and/or ontogeny 
takes place over decadal/centennial (or longer) timescales 
and its effects are often particularly difficult to identify 
from short-term contemporary monitoring programmes 
(Stow et al., 1998).  This long-term stress equates to the use 
of press experiments in experimental ecology (Table 1). 
Alternatively, analogues for “pulse” experiments, are easily 
found in natural disturbances such as fire and volcanic 
ash eruptions and are ideally suited to high temporal 
resolution sub-sampling as the both the disturbance 
event and the ecological response is transitory (Table 1). 
However, while pulse disturbances may have profound 
and rapid initial effects on communities, there may be 
slower, indirect developments which derive from, but lag 
the primary disturbance, e.g. changes in nutrient cycling 
associated with altered soil processes and alluviation 
following a fire (Shakesby & Doerr, 2006; Bain et al., 2012).
Fig. 2.  Mineral matter accumulation rates (MinAR , mg cm–2 yr –1) in a boreal forest lake (Kassjön, Northern Sweden) prior to the expansion 
of agriculture in the catchment, derived from annually-laminated sediments (varves; insert photo A: representative varves from Kassjön). 
B. Grey-scale density values for the subsection 30 – 11 BC illustrating how image analysis provides detail of varve structure at less than 
annual resolution.  C. Annual accumulation rate of MinAR (mg cm–2 yr–1) for the period 500 BC to 1 BC showing the detail in the record, 
reflecting intensity of spring snow melt.  The main plot (D) shows the long-term trend in MinAR which reflects landscape stabilisation 
following isotatic uplift and imposition of centennial-scale climate variability.  (Redrawn from data in Petterson et al., 2009). Photo credit: 
Ingemar Renberg.
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3. Lake disturbance – temporal 
perspectives
This section reviews some examples of palaeolimnolog-
ical records of disturbance and their ecological impact at 
the extremes of temporal resolution and illustrates how 
the different, often confounding effects of climate and 
catchment-related disturbances can be addressed.
3.1  Annually-laminated sediments
Varves (Fig. 2) offer excellent chronological control, 
combined with the possibility of high resolution analyses 
and permit the calculation of accurate accumulation rates 
of metals and biological remains (Renberg, 1986).  Using 
dry mass and diatom accumulation rates calculated from 
varved sediments, Anderson et al. (1995) used the sediment 
record at Kassjön (Northern Sweden) to study the diatom 
production response to catchment disturbance and the 
development of agriculture, and the very rapid (< 10 yr) 
increase in diatom production associated with the start of 
agriculture in this area (Fig. 3).  In a number of pioneering 
papers in the late 1970s and early 1980s, Simola (1977) 
demonstrated that it was possible to identify seasonal 
(intra-annual) fluctuations in the abundance of planktonic 
diatoms over relatively short-term periods (10–50 
year).  Later, he showed that these relatively short-term 
fluctuations in diatom composition, which were highly 
individualistic and possibly related to seasonal changes 
in nutrient availability and meteorological forcing, were 
superimposed on longer-term (102 year) changes in species 
succession and turnover (Simola, 1984). 
The temporal acuity of this detailed, but 
painstaking work, has to some extent been replaced 
by the development of image analysis (grey scaling) of 
varved sediments (Fig. 2).  Image analysis of sediments 
synthesises changes in colour and contrast to create digital 
summaries of stratigraphic changes in the variation of the 
organic-inorganic components of lake sediments (Ojala & 
Alenius, 2005).  Image analysis rapidly creates large, high 
resolution datasets that cover thousands of years and 
which are amenable to further data analysis by e.g., spectral 
analysis (Petterson et al., 2010).  However, the amount of 
information about ecological (i.e. species) changes over 
time is not comparable to that derived from the tape-peel 
technique or direct microfossil counts of individual 
laminae (Lotter, 1998).  Other rapid techniques that can 
be used in conjunction with high resolution sampling are 
near-infrared spectroscopy (NIR) and pigment analysis. 
Varves permit the effect of disturbance on ecosystem 
variance to be determined at annual scales.  Cottingham et 
al. (2000) combined inter-annual sampling of the sediment 
record with contemporary monitoring of a known 
disturbance (the controlled eutrophication of Lake 227 in 
the Experimental Lakes Area, Canada) to demonstrate 
increased temporal variability of algal production 
following nutrient enrichment.  At Baldeggersee, a Swiss 
lake that underwent nutrient enrichment from 1910 to 
1982 due to input of sewage waste, Lotter (1998) was able 
to estimate diatom accumulation rates for individual years 
Fig. 3.  The impact of development of agriculture in a boreal 
forest landscape (Kassjön, Northern Sweden) on bulk organic 
C accumulation rate (A) and the biovolume accumulation rate 
of a planktonic diatom, Tabellaria flocculosa (B).  Tabellaria was 
not present in the lake prior to the initial clearance (indicated 
by the vertical grey bar) but expanded rapidly (<10 yr) and then 
continued to increase until the early 20th century when agriculture 
started to decline.  Interestingly, the C accumulation rate does not 
show a similar trend, suggesting there was limited terrestrial C 
loss with the start of low intensity, subsistence agriculture in this 
boreal forest catchment.  Land clearance would not have been 
comparable to that observed in Denmark during the Bronze Age 
(Fig. 6).  (Drawn from data in Anderson et al., 1995.)
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(plus rates of change), permitting the examination of the 
effect of recent climate variability relative to increased 
nutrient loading on planktonic diatoms (Fig. 4d).  At 
Baldeggersee, climate explains ~1% of the variance in the 
diatom data after the removal of trophic effects.  It should 
be noted, however, that high resolution stratigraphies 
are not necessarily restricted to varved sediments, 
careful sampling combined with sediment accumulation 
rates of ~0.5 cm yr–1 can produce high temporal 
resolution stratigraphies (Anderson & Battarbee, 1994). 
3.2  Community dynamics in shallow lakes
In general, palaeolimnology uses sediment cores from the 
centre of deep lakes with relatively high sedimentation 
rates and low mixing rates (= good temporal resolution). 
Most lakes are, however, relatively shallow and do 
not have varved sediments.  Sediment mixing and 
resuspension creates stratigaphically-smoothed sediment 
records as well as dating problems (Anderson & Odgaard, 
1994).  For many years, shallow lakes were ignored by 
palaeolimnologists because of the perceived problems 
with the sediment record.  From the mid-1980s, however, 
heavily impacted, eutrophic shallow lakes became a major 
focus of limnological research, with emphasis on the loss of 
macrophytes, the associated changes in biological structure 
(trophic interactions) and their restoration (Jeppesen et al., 
1998).  Shallow lakes were central to the development of 
the multiple stable states hypothesis in ecology, following 
work on the rapid loss of macrophytes in Dutch lakes 
(Scheffer et al., 1993).  Many European eutrophic shallow 
lakes have lost their macrophyte communities in recent 
years (Fig. 5) as productivity switches to dominance by 
phytoplankton and considerable effort is being made to 
restore a diverse macrophyte flora.  The causal mechanisms 
(food-web dynamics as well as nutrient loading (Scheffer 
& Jeppesen, 1998)) underpinning this switching between 
assumed stable states (clear water versus turbid state) has 
been the attention of considerable attention (Jeppesen et 
al., 1998).
Switching in shallow lakes is known to occur quite 
rapidly (~1 year) (Blindow et al., 1993) and the causal 
mechanisms are complex with strong interactions between 
e.g. trophic dynamics and nutrients.  There has been a 
corresponding growth in palaeolimnological studies 
Fig. 4.  Comparative ecological trajectories (as ordination first 
axis scores, derived from DCA or PCA, which summarise the 
dominant changes in the assemblages) for diatom responses to 
various aspects of global environmental change: warming and 
reactive nitrogen deposition in the low Arctic (A); acidification 
(B) and cultural eutrophication from point and diffuse nutrient 
sources (C, D, E).  The profiles illustrate the continual ecological 
change since the mid-19th century and the post-1950 acceleration 
at some sites (e.g. Gaffeln, Augher); see Steffen et al. (2011) for 
a discussion of this phenomenon.  (Data sources: Anderson, 
unpublished; Anderson, 1989; Anderson & Renberg, 1992; Lotter, 
1998; Sorvari et al. 2002).
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of shallow lakes and 
these suggest that the 
sediment records can 
provide coherent records 
of community response 
(Sayer et al., 2010a, b). 
Sediment records from 
Danish shallow lakes 
(Fig. 5a) do not record the 
transitory state changes 
that are known to occur 
at these sites, although 
they do indicate rapid 
macrophyte declines. 
Identifying repeated 
switching in the sediment 
record is difficult, 
however, because the 
temporal resolution of the 
macrofossil record is too 
coarse (McGowan et al., 
2005) (Fig. 5).  Therefore, 
the question of whether 
switching is a recent 
cultural phenomenon 
is difficult to determine 
from the sediment record. 
Many European shallow 
lakes are cultural artefacts 
in that they filled in due to 
the erosion rates associated 
with land-use change and 
intensification (Rasmussen 
& Olsen, 2009) (Fig. 6).
Palaeolimnology suggests that the extensive 
macrophyte beds, assumed to be the natural state of shallow 
Danish lakes, and a worthy restoration target are, in fact, 
a fairly recent phenomenon associated with the changes 
in lake depth (due to infilling or lake-level lowering) and 
nutrient enrichment.  At Gundsomagle, Rasmussen & 
Anderson (2006) showed that Chara spp. (Fig. 5b) dominated 
for thousands of years and there has been changing 
macrophyte abundance throughout the cultural period. 
Sediment records from shallow lakes also yield 
a wealth of information about changes in benthic 
invertebrates, zooplankton and associated changes in 
trophic dynamics that occur at the time of macrophyte 
declines (Davidson et al., 2011b; Davidson & Jeppesen, 
2013).  Diatom analyses suggest that nutrient increases are 
at least partly responsible for the macrophyte declines but 
Fig. 5.  Long-term dynamics of macrophytes (Chara, Potamogeton and Nymphaeaceae) in two shallow 
Danish lakes.  At Gundsømagle Sø (B) the macrophyte flora was dominated by Chara for millennia with 
intermittent contributions from Potamogeton spp, which expanded as the lake became shallower due to 
catchment erosion and more eutrophic (cf. Fig. 6).  When compared to the short record from Lading Sø 
(A) the benefit of a long-term perspective is clear.  However, both lake sediment records show the loss of 
submerged macrophytes and the expansion of Nymphaeaceae during the last ~50 years.  Units for both 
plots: numbers of plant remains per 100 cm3 sediment.  (Redrawn from data in McGowan et al., 2005; 
Rasmussen & Anderson, 2005.)
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other fossil remains indicate that changes at higher trophic 
levels, perhaps affecting water clarity, are involved.  There 
is clearly a complementary role for detailed process-based 
studies linking palaeolimnological studies in our attempts 
to understand macrophyte loss in shallow lakes (Scheffer 
et al., 1993; Sayer et al., 2010a; Davidson et al., 2013).
3.2.1  Non-linear change in lakes
Sediment records of ecological change and the associated 
drivers (e.g. nutrients and production) are generally 
interpreted as having a linear relationship.  It is now 
recognised that ecosystems can undergo rapid, non-linear 
changes in ecological condition (state) in response to 
linear forcing (Scheffer & 
Carpenter, 2003).  Attempts are 
now being made to identify 
ecosystem changes that occur 
immediately prior to a state 
change: flickering (Carpenter 
et al., 2011).  Identifying 
non-linear dynamics and 
associated state changes 
in lake sediment records 
requires that the ecological 
hypotheses be matched by 
careful sediment analysis and 
spatial replication.  By their 
very nature, there is therefore 
considerable uncertainty – 
unpredictability – about these 
changes.  It is ironical that the 
concept of multiple stable 
states in ecology developed 
from work on the loss of 
macrophytes in shallow lakes 
(Scheffer et al., 1993), systems 
that offer, in general, the worst 
temporal resolution that can 
be derived from sediment 
cores, making it difficult to 
test these hypotheses using 
palaeolimnology (Fig. 5). 
Lake sediment accumulation rates are highly variable 
(Rose et al., 2011) while sampling strategies (e.g. 0.5 cm) 
are usually constant which makes identifying variance 
problematic.  Although there are statistical tools available 
for re-sampling, attempts to identify state changes and 
flickering are probably best sought in varved (annually 
laminated sediments) with constant temporal resolution 
(Simpson & Anderson, 2009). Varved records clearly allow 
the rapidity of ecological change in lakes to be determined 
(Anderson et al., 1995, Lotter, 1998) (Figs 2 and 4d) and 
when multi-proxy data are available, it may be reasonable 
to infer a “state change”.  An early attempt to consider 
non-linear dynamics in lakes was made by Dearing & 
Fig. 6.  Impact of land clearance in a temperate forested-landscape on sediment accumulation rates 
at Gudme Sø (Denmark).  The non-arbreoal pollen (NAP) curve is a proxy for open land and its 
increase is reflected in changing catchment erosion, with a stepped change in minerogenic sediment 
accumulation rate (SAR-min) from the Neolithic to the Bronze Age.  With the intensification of 
agriculture during the Bronze Age (a time period indicated by the vertical dashed lines) there was 
increased abundance of the green alga Pediastrum, a dominant taxon in hypertrophic shallow Danish 
lakes today.  (Redrawn from data in Rasmussen & Olsen, 2009.)
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Zolitschka (1999) using the minerogenic components of 
the varve sequence at Holzmaar.  Any attempt at a similar 
analysis for biological proxies will require high resolution 
sampling and careful consideration of the possible 
ecological controls at the relevant temporal resolution. 
There is also the need for the application of rigorous 
statistical tests to determine if the observed changes are, in 
fact, non-linear, state changes (Randsalu-Wendrup et al., 
2012).  There is also the problem of identifying state changes 
in both the pelagial and the littoral zones.  From a holistic 
lake viewpoint, identifying state changes in the pelagial 
(via a single deep-water core) neglects that similar changes 
may not have occurred in the littoral zone (see Section 4.4). 
Identifying multiple stable states in natural ecosystems 
(i.e. those without cultural impacts) is proving difficult 
(Turner et al., 1998).  Palaeolimnology can contribute 
to this debate but only if the sampling and analysis of 
the sediment record is undertaken in a critical fashion. 
3.3  Natural disturbances - palaeolimnology 
as experimental ecology
Much of the progress in palaeolimnology was associated 
with applied studies (Box 1) (Smol, 2008) but sediment 
records can also be used to address fundamental ecological 
questions, such as lag effects in response to disturbance, 
biodiversity effects on productivity and the relationship 
between ecosystem variance and disturbance.  Some 
palaeolimnological studies are designed explicitly to 
address these questions/hypotheses (Cottingham et 
al., 2000) whereas many other studies treat it more 
implicitly, perhaps accounting for the limited impact of 
palaeolimnology in mainstream ecology.  This section 
considers the response of lakes to two important types of 
disturbance, fire and volcanic eruptions and emphasis is 
placed on the temporal aspect of the aquatic ecosystem 
response.  The role of spatial variability of catchment 
disturbance in determining lake responses to, e.g. fire, is 
addressed in Section 4.2.1.
3.3.1  Fire
Fire has profound effects on nutrient cycling and 
successional processes within terrestrial ecosystems.  It is an 
important process within forest ecosystems (Turner, 2010) 
and there have been numerous high resolution studies of 
fire history, using charcoal remains in lake [laminated] 
sediments, particularly in fire-adapted ecosystems of 
western North America (Gavin et al., 2007).  The primary 
aim of these studies is the response of terrestrial vegetation 
(forest dynamics) to fire cycles and how they interact 
with climate forcing.  Birks (1997) provides a review of 
some relevant statistical approaches to analysing fire–
lake interactions, although with very high resolution and 
well-dated datasets alternative methods of analysis are 
now available (Simpson & Anderson 2009). 
While the spatial extent of a fire (Section 4.2.1) and its 
intensity are important in terms of its impact on terrestrial 
ecosystems, from the lake perspective the effect will also 
depend on hydrological connectivity, catchment slope and 
post-fire weather (Shakesby & Doerr, 2006).  Substantial 
burns will result in increased runoff rates and erosion 
(Gresswell, 1999) and have transitory but severe effects on 
the light climate in lakes (Tinner et al., 2008), which may 
be worse for the littoral zone than the pelagial, depending 
on lake morphometry.  There is also a recovery phase 
as soil and vegetation processes reassert themselves 
and the catchment stabilises, which can create lags 
between the fire and the ecological response; see Figure 
3 in Gresswell (1999) for an illustration of the interactions 
between light, woody debris and nutrients over time. 
Clear-cutting and burning of Boreal Shield lake 
catchments in Quebec increased Total Phosphorus 
(TP) by 2–3x while NO3 was ~60x higher (Carignan 
et al., 2000).  The effect of catchment disturbance was 
proportional to the percentage of the catchment burnt or 
harvested divided by lake area/volume.  Pinel-Alloul et al. 
(2002) reported greater effects of logging and burning in 
oligotrophic lakes while Lamontagne et al. (2000) showed 
that although the increased P loss rates following fires 
were minor in terms of terrestrial ecosystem function, they 
represented an important supplement to the lake.  The 
effect of fire on N losses is probably associated with altered 
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microbial activity while phosphorus loss reflects erosional 
processes (Chanasyk et al., 2003).  The extent to which 
this altered biogeochemistry translates to an identifiable 
in-lake ecological response is ambiguous (Wright, 
1976), while its identification in the sediment record is 
a step further still.  Recent work suggests that nutrient 
losses from fires are not as great as expected, in part due 
to the rapid nutrient uptake in the early successional 
stages of post-burn vegetation recovery (Turner, 2010). 
Kilham et al. (1996) in a study of Yellowstone Lake 
(USA) argued that post-burn “weather” can influence 
water chemistry and diatom response because lower runoff 
reduced nitrogen inputs and constrained algal production. 
Bradbury’s early study (Bradbury, 1986) found no evidence 
of the effect of fire on lakes in the boreal forests of northern 
Minnesota, either in diatom or zooplankton stratigraphies. 
A high resolution subsampling is probably required to 
identify any possible effects, such as temporary nutrient 
enrichment (Fig. 7).  Despite the plethora of high resolution 
Holocene fire records, studies of the response of diatoms to 
fire are relatively few.  In a study using laminated sediments 
at Elk Lake (Minnesota, USA), Bradbury (1996) identified 
agreement between charcoal peaks and diatom abundance 
which was interpreted as the result of nutrient regeneration 
due to mixing rather than fire per se, highlighting the need 
for circumspection in linking diatoms to fire records.  At 
Crevice Lake (Montana, USA) a multi-proxy record 
revealed little interaction between diatom and charcoal 
records, although at this lake the diatoms are responding 
to climate influenced water column mixing (Whitlock 
et al., 2008).  Enache & Prairie (2000) studied fire–diatom 
interactions in a boreal lake and while there were 
clearly diatom assemblage (and concentration) changes, 
quantifying the “fire effect” as diatom-inferred TP was 
inappropriate for a boreal lake because of the dominant role 
of pH and dissolve organic carbon (DOC) in controlling 
diatoms in such systems (Juggins et al., 2013).  Similarly, 
Tinner et al. (2008) reported major changes in diatom 
abundance associated with Little Ice Age climate-driven 
changes in vegetation, fire frequency and soil erosion in 
a lake in central Alaska.  Complex diatom community 
changes were, however, reduced to a diatom-inferred 
water depth curve whereas interactions between 
nutrients and light associated with catchment processes 
were probably more relevant as explanatory processes.
The effect of fire on lake water chemistry in Sweden was 
examined as part of the lake acidification debate (Renberg 
et al., 1993a).  These studies were not particularly high 
resolution, in part, because acid-sensitive lakes that might 
be affected by fire-mediated changes in soil processes 
are unproductive and have low sediment accumulation 
rates.  Korsman & Segerström (1998) used redundancy 
analysis to show that fire (inferred from coarse charcoal) 
in a northern Swedish boreal forest ecosystem resulted 
in increases in lakewater pH (inferred from diatoms) due 
to destruction of organic soil layer, decreased input of 
organic acidity and release of base cations.  In a regionally 
replicated study, Renberg et al. (1993b) showed how 
long-term natural acidification was offset by alkalisation 
associated with catchment fires and land-use change. 
3.3.2  Ash falls
If the effects of catchment fire on nutrient cycling are 
perhaps too subtle to identify easily in lake sediments, 
the effects of volcanic ash falls, intuitively at least, should 
be more profound.  Studies of mid-Holocene volcanic 
eruptions are true natural pulse experiments (Table 
1), in that the complicating effects of contemporary 
anthropogenic disturbance are excluded.  The effects of 
tephra inputs on algae can be both direct and indirect.  The 
most obvious direct effect is associated with nutrient input, 
although this depends in part on the nutrient status of the 
lake prior to the eruption and the chemical composition of 
the tephra.  Early studies of ash falls were largely subjective 
(Abella, 1988) but recent studies have used constrained 
ordination techniques to determine if there are significant 
responses in aquatic communities to volcanic ash inputs. 
For example, Lotter & Birks (1995) found no significant 
impact of the Lacher See volcanic eruption (ca. 11,000 years 
BP) on diatom assemblages at Holzmaar after the removal 
of the confounding effects of climate and long-term 
succession.  There was, however, a significant effect of 
the eruption on terrestrial vegetation and on diatom 
production (as diatom accumulation rates).  This study 
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Fig. 7.  Fire dynamics and its impacts on millennial scale biogeochemical cycling in a subalpine catchment (Colorado, USA).  The sediment 
charcoal content (lower panel) recorded 34 catchment fires; the biogeochemical response is reflected in the stable isotope records (δ13C; 
δ15N), C/N ratio and bulk organic C accumulation rate.  Statistical resampling allowed the impact and post-fire recovery rates resulting from 
forest floor destruction and increased minerogenic erosion to be determined; see Dunnette et al. (2014) for further details.  (Redrawn from 
data in Dunnette et al. 2014.)
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highlights the complexity of ecological responses even to 
strong perturbations (Turner et al., 1998).
Barker et al. (2000) showed a rapid response of diatom 
community structure to a tephra input into a Tanzanian 
crater lake.  The near instantaneous expansion of Synedra 
acus was interpreted as a response to altered nutrient 
ratios, specifically Si:P, a conclusion well-founded in the 
diatom ecological literature (Kilham et al., 1986).  The 
distribution of the ash within the water column will also 
negatively affect the light available for photosynthesis 
and after the ash settles there will also be a blanketing 
(smothering) effect on benthic algae, sufficient to reduce 
to their growth.  The indirect effects are related to the 
impact of the volcanic ash deposited on the surrounding 
catchment and hence on terrestrial processes (Lotter & 
Birks, 1993).  These indirect effects may also lag behind the 
major disturbance associated with the eruption.  Severe 
damage to vegetation results in hydrological changes, such 
as increased runoff and soil erosion and nutrient transfer, 
which are perhaps similar to fire effects (Gresswell, 
1999; Shakesby & Doerr, 2006) (see section 4.3; Fig. 7).
3.4  Climate forcing
With growing evidence that the earth’s climate is 
being forced outside its recent “natural” range, there is 
considerable focus on understanding how contemporary 
lakes respond to climate change (Carpenter et al., 1992). 
As a result, reconstructing long-term climate change (from 
biological and inorganic proxies) is a major focus of many 
palaeolimnological studies (Battarbee, 2000) but inferring 
climate or climate–biota interactions is difficult. 
 Algal abundance reflects first order controls such as 
light, nutrient availability and grazing, but the physical 
environment (thermal structure) can determine their 
access to these resources (Reynolds, 1990).  There is 
growing evidence from long-term datasets of the increased 
dominance of Cyanobacteria in temperate, eutrophic 
lakes (Posch et al., 2012) associated with changes in the 
physical structure of the water column (enhanced stability) 
due to regional warming, a process that can override 
the effect of nutrient reduction.  For diatoms, thermal 
stratification is important because of their higher sinking 
rates.  There is considerable inter-annual variability in 
phytoplankton abundance and species composition, 
in part a reflection of changing weather, wind speed 
and temperature which affect thermal structure and 
mixing, and attempts to include this in palaeolimno-
logical interpretations are being made (Saros et al., 
2012).  It makes sense, therefore, for palaeolimnologists 
to work at the best temporal resolution (annual) in order 
to identify meteorological forcing (Lotter & Birks, 1997) 
(see the Baldeggersee example referred to in Section 3.1). 
A problem for studying climate impacts on 
contemporary ecosystems is the lack of suitable long-term 
climate records while other drivers (eutrophication, 
acidification) mask the influence of climate (Hall et 
al., 1999).  However, some monitoring records are 
sufficiently long so that those complicating factors 
(i.e. nutrients) which mask the climate signal can be 
removed statistically given sufficiently long records 
(George, 2007).  Long-term monitoring also shows 
the effect of climatic change on [algal] phenology 
in lakes, notably through effects on these physical 
processes (stratification and mixing) which influence, 
for example, planktonic diatoms (Winder et al., 2009). 
For lakes undergoing nutrient enrichment it is difficult 
to separate the drivers using sediment records, because 
independent long-term nutrient data are generally 
missing, although in certain situations geochemical 
proxies (i.e. of nutrient loading) can be used.  Kirilova et 
al. (2011) showed considerable inter-annual variability 
of planktonic diatoms in Sacrower See (Germany). 
Although the long-term decadal diatom succession at this 
site represents a response to nutrient enrichment and is 
relatively easy to predict (cf. Anderson 1989), there was a 
significant effect of wind and temperature during the 20th 
century, especially on spring–summer diatom abundance, 
and the sensitivity had changed in this period, a result 
echoing that of Simola (1984).  At Windermere, McGowan 
et al. (2012), using a combination of sediment core analyses, 
documentary data and long-term monitoring, showed that 
climate variables were secondary drivers of algal change 
(inferred from pigments) but nutrient enrichment had 
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enhanced the lake response 
to meteorological forcing. 
Studies of recent climate 
impacts are complicated by 
the realisation that the GEC 
footprint is now widespread, 
even in apparently remote 
catchments, such as alpine 
lakes in Europe and western 
China (Hu et al., 2014). 
The timescale of these 
interactions between climate 
and land-use can be long, 
dating prior to the rise of 
industrial and agricultural 
intensification (Lotter & 
Birks, 2003).  In north-west 
Europe (and elsewhere) 
cultural disturbances span 
6000 years and from a lake 
perspective these impacts 
are greater than the climate 
changes over the same 
period.  For boreal-arctic lake 
ecosystems, however, where 
cultural disturbance was 
minimal until recently, the 
biological signal recorded 
in lake sediments is often 
considered a direct reflection 
of past climate forcing. 
Some alpine and boreal 
lakes exhibit long-term 
stability in diatom 
assemblages (Theriot et al., 
2006) but others appear to 
be intrinsically dynamic 
(Bracht-Flyr & Fritz, 2012) 
(Fig. 8).  Appropriate 
high resolution sampling 
strategies indicate the extent 
to which even apparently 
Fig. 8.  Regional variability in ecological response to external forcing: comparative ecological trajectories 
(as DCA axis 1 scores) for diatom responses to regional climate forcing in four alpine lakes in Montana 
(USA).  The contrasting responses reflect variable thermal stratification regimes and hydrological 
budgets.  Note the extremely rapid changes observed at some sites and the general high temporal 
variability at all lakes.  (Redrawn from data in Bracht-Flyr & Fritz, 2012.)
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stable systems such as oligotrophic boreal-forest/
alpine lakes are inherently dynamic.  It is clear that 
any palaeoecological assessment of climate forcing 
and disturbance dynamics and their impact on in-lake 
community structure and production requires the use 
of relatively high resolution sampling strategies as part 
of a regionally replicated study (Renberg et al., 1993b).
In boreal lakes, much of the long-term ecological 
change is, moreover, probably an indirect response 
to climate forcing, with community structure being 
mediated by catchment vegetation (DOC export) and 
disturbance dynamics as well as ontogeny (which 
reflects geology and climate) (Fritz & Anderson, 2013). 
Direct climate forcing is generally confined to effects 
on lake thermal budgets (ice cover and stratification) 
but wind also influences the depth of the thermocline; 
DOC (a function of vegetation cover) also effects lake 
thermal budgets (Saros et al., 2012) (see Section 4.2.2). 
It is rare to treat lake biotic response to climate forcing 
in an objective fashion; when independent climate proxies 
are used as predictors, climate explains a relatively small 
amount of the variance in the biological data, albeit at quite 
low temporal resolution (Anderson et al., 2008; Hall et al., 
1999; Lotter, 1998).  Even in contemporary datasets, climate 
variables only explain a small percentage of the variance 
in phytoplankton time series, in part because of the role of 
nutrient supply but also because of the inherent (stochastic) 
variability of pelagial systems at inter-annual timescales 
(Harris, 1980).  It follows, therefore, that palaeolimnologists 
will also struggle to identify climate signals in high resolution 
sediment records.  Analysing diatom assemblages and 
tree-ring inferred temperature (at 5-yr resolution) using 
additive models, Simpson & Anderson (2009) were only 
able to identify a significant climate effect intermittently.
Some of the ecological complexities of lake responses 
to climate are illustrated clearly by Late Glacial sequences 
(Birks et al., 2000).  In a high resolution, multi-proxy study 
of biological change at Kråkenes (Norway) there were 
numerous surprises in terms of community responses 
to climate forcing, for example the expansion of the 
planktonic diatom Cyclotella glomerata during a period 
of sustained cold (Birks et al., 2000), a species widely 
inferred to represent warming in modern arctic and 
alpine lakes (see Saros & Anderson, 2014 for a discussion 
of this issue).  Even with the pronounced climate 
forcing of the Late-glacial, there is considerable variance 
unexplained by “climate” when analysed statistically 
using constrained ordination techniques (Birks et al. 
2000).  For marked short-lived climate oscillations such 
as the 8.2 event (Alley et al., 1997), the sensitivity of a 
lake to this type of forcing is critical, as well as the ability 
of the catchment to propagate/transfer the signal and 
for the lake sediment to record it (Anderson et al., 2008). 
While weather has a profound impact on lake 
functioning at seasonal–annual timescales (Reynolds, 
1990) some aspects of climate variability operate at longer 
periodicities and are not readily seen in most limnological 
datasets because they are too short (Magnuson et al., 2004). 
The North Atlantic Oscillation (NAO) influences some 
lake ecosystems (not all – effects are again mediated by 
catchment processes (George, 2007)) but given the need for 
decadal time series, the number of sites where its influence 
can be analysed using contemporary data is still quite 
limited, particularly for biological variables (Straile et al., 
2003).  The annual mean NAO index exhibits near decadal 
variability and should, theoretically, be more identifiable 
in the sediment record.  This is difficult, partly because 
not all lakes respond to the NAO (above), but even when 
there is an identifiable effect in a modern lake, it is often 
quite weak statistically, explaining <20% of the variance 
in contemporary monitoring data, and maybe indirect 
(Straile et al., 2003).  Some palaeolimnological studies 
have attempted to identify its signal in the sediment 
record but with mixed success.  For example, using a high 
resolution (2.5 mm) sampling strategy of a 210Pb dated core 
from a small Irish lake, coupled with long-term (~100 yr) 
meteorological data, Anderson et al. (2012a) suggested 
that silica and N cycling were related to the NAO. 
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3.5  Temporal variability: problems and 
potential
Lake sediments provide long-term records of aquatic 
community response to disturbance (Smol, 2008), but 
their interpretation can be fraught with difficulty.  From 
the perspective of community reconstruction and their 
interpretation at timescales that are ecological meaningful, 
there are two main problems: first, the lack of “ecological 
integrity” of the sediment record (i.e. loss of information 
due to taphonomic processes (Anderson & Battarbee, 
1994)), and second, the temporal coarseness of the sampling 
interval used to obtain sufficient (and reliable) sample sizes 
of micro/macrofossils.  In the absence of varves, reducing 
the sample thickness to ~2.5 mm in eutrophic lakes allows 
near annual resolution, particularly for diatom and 
pigment analyses.  But for macrophytes and, possibly 
even chironomids and zooplankton, this resolution is often 
not feasible because of the sample size (mass) required to 
obtain sufficient subfossils.  As a result, the thickness of 
the sediment sample is increased and temporal resolution 
is lost.  Ecologically elegant investigations of biological 
structure in lakes and trophic interactions tend to have 
rather coarse temporal resolution (Davidson et al., 2010; 
Davidson et al., 2013).  There is also the work-load problem; 
sifting and picking for macrofossils and chironomids is a 
near rate-limiting step in palaeolimnological investigations, 
certainly compared to diatom and pigment analyses. 
It is in this regard that techniques which require small 
sample size, such as pigments and related methods (stable 
isotopes, molecular techniques, X-ray fluorescence (XRF)), 
need to be utilised and offer the possibility of contiguous 
high resolution stratigraphies.  However, as with some 
contemporary sampling (Neill, 1994), these high temporal 
resolution techniques represent a coarsening of the 
taxonomic resolution (i.e. HPLC (high-performance liquid 
chromatography) derived pigments). 
Given the lifespan of many aquatic organisms, 
coarsening the temporal resolution represents a 
considerable loss of ecological information.  Detailed, 
multiple proxy but temporal coarse resolution studies 
are the palaeolimnological equivalent to the 3–5 year 
timescale of experimental ecology (Carpenter et al., 1995) 
in terms of the degree to which the interpretative power 
of the results is limited.  Moreover, detailed, multi-proxy 
high resolution studies tend to be single sites (n=1), for 
obvious reasons (Birks & Birks, 2006) although there 
are some regionally replicated studies (Renberg et al., 
1993b).  The need for a compromise between temporal 
resolution and ecological fidelity is high-lighted by 
Davidson and co-workers studies of trophic dynamics in 
shallow lakes (Sayer et al., 2010a; Davidson et al., 2011a). 
Single, deep-water cores (which generally have 
the best temporal resolution) are unrepresentative, in a 
quantitative sense, of whole-lake responses (Anderson, 
1989) (see Section 4.4) but these detailed records create 
another problem, that of the signal versus noise ratio. 
Dating control is also important and while varves are 
preferable they have their own limitations (they are 
spatially restricted within a lake and underestimate 
the contribution of the littoral zone; see Section 4.4) 
but high resolution studies using 210Pb and 14C-derived 
chronologies are possible (Bracht-Flyr & Fritz, 2012).  There 
is no doubt, however, that comparing high resolution 
studies (<10-yr) among lakes and with other proxies 
(such as tree ring derived proxies etc) is problematical. 
Whatever, there needs to be a move towards contiguous 
sampling in palaeolimnology with consideration of 
which proxies are to be analysed (on an individual 
sample) and what is the ecological information loss from 
using a coarser sampling resolution (Birks et al., 2012). 
Understanding catchment disturbance effects on lake 
biota requires that both the proxies for disturbance (i.e. 
fire, flooding: charcoal, particle size, geochemical data) and 
the biological response are analysed at the same temporal 
resolution and frequency (Lotter & Anderson, 2012).  This 
is rarely done.  Methodological progress in geochemical 
analyses (and the accompanying reduction in sample 
size) promises much for future work, assuming that the 
ecological interpretation of biomarkers and compound 
specific isotopic data, for example, can keep up.  In this 
area, progress in linking experimental, ecological and 
palaeolimnological studies in an integrated framework 
offers much for the future (Saros, 2009).  For higher 
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plants and zooplankton perhaps genetic finger printing 
will allow some progress with regard to the problems of 
temporal resolution of studying long-term macrophyte 
dynamics at close to annual resolution in lakes. 
4. Disturbance and lake response – 
spatial aspects
Natural landscapes are complex mosaics reflecting a 
range of autogenic successional and allogenic disturbance 
processes (Table 1) (Fig. 9).  While anthropogenic 
disturbance (logging, hydrological alterations, agriculture) 
can result in both fragmentation and homogenisation 
(uniform age forest stands), natural large scale disturbance 
(e.g. fire, disease) can enhance heterogeneity (Turner et al., 
1998) (Table 1).  The non-equilibrium and spatially-explicit 
perspective on ecological processes 
as an integral part of landscape 
development was reviewed by Perry 
(2002).  Delcourt & Delcourt (1988) 
indicated the range of spatial and 
temporal scales that link disturbance 
regimes and ecological responses in 
the context of pollen-based vegetation 
dynamics.  However, linking 
disturbance processes, patch dynamics 
and landscape heterogeneity to in-lake 
processes requires the inclusion of a 
lower level [hierarchy] of ecological 
response, because the response time 
of so many limnic (biotic) processes 
are more rapid than that observed in 
terrestrial vegetation succession (see 
Reynolds, 1990).  How landscape 
heterogeneity and disturbance affects 
lakes is a function of the catchment:lake 
ratio, the type and scale of the 
disturbance, catchment morphology 
(slope, relief) and, importantly, the 
degree of hydrological connectivity, 
both within a catchment but also at the 
landscape scale (Fig. 1; Box 2).  Three 
spatial scales are relevant here: within-lake, lake-catchment 
and landscape/regional. 
Lakes themselves enhance landscape heterogeneity, 
comprising up to 15% of the land area in some regions, 
and feed back into various processes, notably carbon 
dynamics (Prairie, 2008, Buffam et al., 2011).  A landscape 
ecology approach (i.e. the effect of pattern on process) 
could usefully be incorporated into project design in 
palaeolimnology, i.e. an explicit use of a lake’s location in 
the landscape as part of multiple (i.e. replicated) site studies 
(see Box 2).  It is clear that some disturbances (floods) are 
reflected faithfully in sediment records (Czymzik et al., 
2010) while even apparently strong events (forest clearance, 
fire) are not recorded in some instances (see Section 4.3 and 
below).  Because of the temporal variability of disturbance 
(Table 1), non-equilibrium/heterogeneity is the norm, and 
Fig. 9.  Both aquatic and terrestrial landscapes are heterogeneous in terms of the abiotic 
framework and community structure which in turn determine biogeochemical processes 
and ecological responses.  Even in the semi-arid area of south-west Greenland (A ) there is 
considerable variability of terrestrial vegetation distribution, largely controlled by moisture 
stress: note the dominance of Salix in the seepage outflow from the pond.  (B) The underwater 
landscape of the littoral zone in an arctic lake (lake SS903, south-west Greenland) is similarly 
variable, with Chara and associated filamentous algae in the foreground, and aquatic 
mosses in the background.  Photos: NJ Anderson and Ole Pedersen.
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stasis is rare; arguably high resolution palaeolimnological 
studies show this clearly (Anderson, 1995; Bracht-Flyr 
& Fritz, 2012) (Figs 2, 8).  However, given the interplay 
between a lake and its position in a landscape, both the 
forcing and lake response can be site-specific, making it 
problematical to extract regional signals, such as climate, 
from single site studies (Jassby, 1998).  Regional replication 
(see below) allows these factors to be approached in 
a critical way and their effects disentangled, possibly. 
This section considers the role of spatial scale 
and landscape pattern, both in terms of how they 
reflect and influence disturbance processes and the 
biological response (as recorded by lake sediments) 
via catchment geochemical hotspots plus regional 
geological and vegetation gradients.  Its influence on 
the interpretation of both single site and regionally 
replicated palaeolimnological records is also addressed. 
4.1  Landscape spatial heterogeneity and 
environmental gradients
At the regional scale, landscape heterogeneity in terms of 
geology, soils and vegetation cover leads to environmental 
gradients in water chemistry (pH, nutrient loading) which 
is reflected in lake biological structure and productivity 
(Duarte & Kalff, 1989; Dillon & Molot, 1997).  These regional 
environmental gradients in water chemistry provide the 
basis of any surface sediment training set developed for 
pH or TP, because of the need to sample a gradient of the 
variable of interest (Birks et al., 1990).  When developing 
a transfer function, palaeolimnologists select a range of 
lakes that cover a gradient in the variable of interest (pH, 
TP, DOC etc) and catchments are treated as a black box 
without any consideration of the heterogeneous nature of 
individual catchments (Sommer et al., 1997).
In general, training sets developed for transfer 
function use only water chemistry as explanatory 
variables (an intuitively valid assumption) but where 
catchment characteristics are incorporated it is possible to 
consider landscape characteristics and in-lake variables 
(Korhola et al., 2002).  Interestingly, some of the earliest 
forerunners of transfer functions analysed diatom–
land-use relationships directly (Huttunen & Merilainen, 
1983).  Where land-cover data have been incorporated as 
well as lake chemistry variables in lake surface sediment 
datasets, these studies highlight the diversity of species 
assemblages and their environmental controls within a 
given ecoregion (Fallu et al., 2002).  But with the creation 
of a transfer function, environmental heterogeneity and 
ecological complexity are reduced to a single explanatory 
variable and a considerable amount of information is lost 
(Anderson, 2000; Birks & Birks, 2006; Sayer et al., 2010a). 
This single variable may be only explain a few percent of 
the variance in the biotic assemblages and may also be 
statistically and ecologically inappropriate (Juggins, 2013). 
This emphasis placed on a single variable biases (or 
constrains) the interpretation of the sediment core data, 
even if the transfer function is appropriate and works 
well (in a statistical sense; see Juggins, 2013).  Compare, 
for example, the regional heterogeneity revealed by the 
inclusion of detailed catchment data into a study of lakes in 
northern Finland with the diatom transfer function derived 
from this dataset for water temperature (Weckstrom & 
Korhola, 2001; Korhola et al., 2002).  The emphasis on 
single drivers of ecological change, especially in relation 
to climate forcing is simplistic; in reality, the ecological 
complexity resulting from lake and catchment interactions 
with climate forcing is the norm (Anderson, 2000). 
Palaeolimnologists have failed to recognise the 
inherent heterogeneity represented by regional surface 
sediment training sets: lake–landscape spatial variability 
is the norm, so why concentrate on one lake to make 
inferences about past environmental change at the 
regional scale?  Moreover, the temporal variability in this 
reconstructed variable is derived from a single core site 
which underplays the littoral zone (see Section 4.4).  In 
some landscapes, evidence for spatial heterogeneity is 
unambiguous.  For example, the boreal–tundra transition 
is spatially and hydrologically complex (Arseneault & 
Payette, 1997a), with wetlands, mires and forest that export 
variable amounts of DOC to lakes.  There is now recognition 
of spatial heterogeneity in Arctic landscapes (Wookey 
et al., 2009).  Palaeolimnologists need to address this 
complexity.  This problem is discussed in the next section.
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4.2  Spatial heterogeneity of disturbance 
and lake response: examples from the 
boreal forest biome
Globally, most lakes are in the boreal zone and despite 
comparatively reduced species diversity, boreal forests are 
clearly dynamic over a range of timescales (Engelmark et 
al., 1993; Frelich & Reich, 1998).  Today, boreal forests are 
in a state of flux in response to GEC processes (land-use 
change, logging, reactive N deposition, climate) (Benoy et 
al., 2007).  Large tracts of the northern European boreal forest 
zone have been transformed from a diverse and variable 
landscape reflecting natural and low-impact cultural 
use to an anthropogenic-dominated forest production 
unit (Ostlund et al., 1997).  These GEC processes overlay 
natural disturbance regimes, most notably fire (Barrett et 
al., 2013).  Lakes are a significant component of the boreal 
landscape and important therefore for regional carbon 
processing, storing large amounts of organic carbon and 
processing terrestrially-derived DOC (see below) (Prairie, 
2008), reflecting the influence of landscape heterogeneity 
on DOC loading and CO2 emissions (Algesten et al., 2004; 
Buffam et al., 2011). 
4.2.1  Spatial aspects of forest disturbance: fire, 
logging and blown downs
The spatial heterogeneity of contemporary boreal 
landscapes is well described and while pollen records 
from the boreal zone can create an impression of long-term 
(102–103 yr) stability, in reality boreal forests show spatially-
temporally complex responses to disturbance, especially 
fire (Barrett et al., 2013).  Studies of spatial pattern (range 
of scales: ha to km2) in the boreal zone have been a major 
focus for terrestrial palaeoecologists (Foster, 1983).  Pollen 
analysis can be supplemented by macrofossil analyses 
Box 2:  Lakes in the landscape
“A landscape-scale approach to understanding the structure and dynamics of lake districts is a necessary and powerful 
perspective” (Kratz et al., 2006, p.66)
Within a given geographic area, lakes often show remarkable differences in terms of water chemistry and biological structure.  These 
differences can reflect lake and catchment morphometry, trophic dynamics and their relationship to the surrounding landscape (Kratz 
et al., 1997).  Individual lakes are often treated as independent entities by limnologists where in reality they are functionally connected 
with other lakes and the landscape by environmental and hydrological gradients.  The importance of lake location has been developed 
in a conceptual and quantitative fashion by the Wisconsin group of limnologists (Magnuson & Kratz, 2000).  Lake landscape position 
is a function of its geomorphic template (Riera et al., 2000) and the hydrogeologic setting (Webster et al., 1996).  Landscape position is 
synonymous with hydrologic position and reflects a balance between precipitation and groundwater inputs to a given lake, which 
in turns controls its water chemistry.  The extent of groundwater influence on lakes, as opposed to surface connectivity, can strongly 
influence the chemical response of lakes to climate (drought), and determine to what extent lakes will respond synchronously to e.g. 
climate forcing at the regional scale (Fritz, 1996, Schmieder et al., 2013).  The influence of landscape position versus the dominance of 
in-lake processes, will vary with the variable in question (e.g. Ca versus Chlorophyll) but also reflects the degree of geomorphic control. 
Importantly, lake response to disturbance and/or external forcing is mediated by its location in the landscape and landscape position 
but connectivity also has implications for in-lake processes, because of the role of fish in controlling biological structure in lakes and the 
extent to which the physical setting of a lake may determine whether fish can colonise a particular lake (Magnuson et al., 2004). 
From a palaeolimnological perspective, the role of landscape position is important because it influences the degree of coherence 
(synchrony) among lakes, in terms of how they are responding to environmental drivers.  Webster et al. (2000) showed that spatially-
structured lake clusters had a lower level of coherence than spatially uniform groups. Soranno et al. (1999)) have suggested that 
coherence needs to be explored at a range of timescales, beyond the inter-annual perspective that dominates many of the analyses to 
date.  However, the role of landscape position has not been considered explicitly in most palaeolimnological studies to date, largely 
because of the plethora of single core-single lake studies.  Leavitt and co-workers (Leavitt et al., 2006, Patoine et al., 2005, Patoine & 
Leavitt, 2006) have considered the role of landscape position on material processing and N-fluxes in a chain of lakes in Saskatchewan, 
Canada using both palaeolimnological and long-term monitoring data.   For example, Dixit et al. (Dixit et al., 2000) demonstrated 
the role of upstream lakes in mediating the influence of point source pollution on lakes lower in the chain. The role of landscape 
position is critical in palaeolimnology when a single lake is used to infer past climatic variability.  Without consideration of its regional 
representativity and local forcing factors (cf. Fig. 1) influencing the biological response, landscape limnology tells us that inferences 
from a single lake study will be suspect.   With multiple lake studies it is possible to include lake position and morphometric variables 
in the data analysis, and explicitly address the role of space/location in determining among-lake response to e.g. climate and identify 
site-specific trends.
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(Gaudreau et al., 1989) and high resolution pollen analysis 
of mor humus reveal local forest dynamics (Bradshaw, 
1993). 
Paralleling “field” studies of spatial complexity in 
landscape-vegetation patterns (Payette et al., 2008) are 
modelling exercises of forest dynamics, which are spatially 
explicit and can be tested against palaeoecological data 
(Anderson et al., 2006).  Similarly, it is now possible to 
reconstruct landscape vegetation using pollen calibration 
models (Marquer et al., 2014).  All of these approaches 
offer the possibility of spatially-explicit analysis of lake 
responses to vegetation succession and disturbance at 
both the catchment and landscape scales (i.e. multiple 
sites).  Fire is spatially variable at a range of scales, both 
in extent and intensity: detailed charcoal records show 
remarkable little synchrony in the western USA (Gavin 
et al., 2007), highlighting the catchment specific nature 
of its impact (Dunnette et al., 2014).  In eastern Canadian 
forests, Carcaillet et al. (2006) in a seven lake study found 
no agreement between fire intensity and minerogenic 
erosion rates, apart from in catchments with dry sandy 
soils.  They attributed this to the inability of fires to burn 
through the humus layer into the underlying mineral soils.
The boreal forest–tundra boundary is spatially 
complex and understanding its past dynamics is important 
for predicting future changes and its effect on aquatic 
ecosystems, as well as feedbacks into the climate system. 
Detailed botanical reconstructions of the boreal–tundra 
ecotone boundary (Arseneault & Payette, 1997b) suggests 
multiple sites are required to fully evaluate the dynamics of 
these changes, their ecological impacts and their relationship 
to climate and biogeochemical cycling.  Palaeolimnological 
studies in the boreal zone focus on climate-driven changes 
in tree-line (altitudinal and latitudinal) and DOC dynamics 
(Rosen & Hammarlund, 2007) but few have considered 
the spatial variability explicitly.  Peintiz et al. (1999) 
found contrasting responses to the expansion of spruce 
in two lakes some 50 km apart in Northwest Territories 
(Canada).  They interpreted the differences between 
the two lakes as a function of hydrology, catchment and 
vegetation cover, highlighting the need for circumspection 
in interpreting such records in terms of direct climate 
forcing.  Interestingly, some diatom records from the 
boreal zone exhibit long-term (103 yr) stability while others 
show dramatic changes at 102-yr timescales,  reflecting 
catchment variability (Bigler et al., 2006; Bigler et al., 2003).
Although designed to address the effect of clear cutting 
in an environmental management context, the Laird et 
al. (2001) study of clear cutting is informative in helping 
to understand the effect of natural forest disturbance on 
lakes.  Using a BACI-design, they observed only minor 
(but significant) changes in diatom composition following 
clear cutting of four lake catchments on Vancouver Island 
(BC, Canada), relative to the control sites, presumably 
a result of the relatively small areas that were cut each 
year.  Although the total area felled was between 35–92%, 
this was over a 15–30 year period, which would allow 
catchment stabilisation.  Moreover, the temporal resolution 
of sediment analyses (5–10 yrs) probably masked any 
short-lived responses to nutrient pulses.  However, the 
changes in diatom communities were small relative to 
the changes brought about catchment clearances and the 
introduction of agriculture in Europe and North America 
(Fig. 3).  Clearly, local factors, geology and vegetation type 
and local disturbance can influence lake response together 
with the type of clearance.  Logging followed by scarification 
often results in increased sediment yield (see Section 4.3.2). 
Blais et al. (1998) used 210Pb-dated cores to show that climate 
had a bigger effect on sediment yield and nutrient transfer 
than clear cutting.  Catchment:lake ratio determined 
the degree of change in response to logging and fire but 
climate (drought) was more important in the 20 years after 
logging.  Logging of a catchment in Michigan resulted 
in the disruption of lake stratification and extirpation 
of anaerobic photosynthetic bacteria and metalimnetic 
chysophytes but had no effect on Cyanobacteria and 
chlorophytes (Scully et al., 2000). In a contemporary 
study, France (1997) showed that loss of riparian trees 
due to fire and/or blowdowns increased wind-speeds 
over lakes and caused hypolimnetic deepening.
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4.2.2  Boreal forests, DOC and ecological change 
in lakes 
Dissolved organic carbon (DOC) is important for lake 
functioning, affecting primary productivity by influencing 
light climate, protecting against UV and acting as an energy 
supplement, fuelling trophic interactions (mixotrophy) 
(Jones, 1992).  The export of DOC to lakes is locally and 
regionally variable and reflects the dominant vegetation 
type, succession and degree of catchment paludification 
(Engstrom, 1987; Kortelainen, 1993; Canham et al., 2004; 
Curtis & Schindler, 1997).  DOC export also reflects 
broader landscape characteristics, relief and hydrological 
connectivity (Mulholland, 2003, Laudon et al., 2011) as well 
as soil development (Milner et al., 2007).  Climatic variability 
and its influence on hydrological budgets influences DOC 
export as does fire (Curtis, 1998).  Although DOC export 
is highly dependent on catchment characteristics (% area 
of wetlands etc) (Engstrom, 1987), this is treated implicitly 
in palaeoecological studies and there have been few 
attempts to interpret lake response to variable DOC load 
as a function of landscape ontogeny (see Fritz & Anderson, 
2013). 
As disturbance (fire) and vegetation succession 
influence DOC export to lakes over a range of timescales, 
it should, theoretically at least be possible to link inferred 
DOC with proxies of catchment disturbances.  While 
diatom assemblages reflect DOC concentration, in some 
indirect fashion, presumably via light and organic acidity 
effects (Kingston & Birks, 1990; Korsman, 1999), the 
problems associated with inferring DOC from diatoms 
(it is difficult to remove confounding effects of pH 
and nutrients; cf. Juggins, 2013) means that alternative 
approaches are required.  One is to use porewater 
chemistry (florescence) but the most common is NIR 
(Korsman et al., 1992, Rosen et al., 2000).  This approach too 
has its problems (it is essentially a black box technique) but 
it provides some independence (in terms of interpreting 
the biological data) (Rosen & Hammarlund, 2007). 
It is possible to incorporate lakes into landscape scale 
analyses of lake–catchment interactions (Buffam et al., 2011; 
Ferland et al., 2012).  Using a spatially explicit ecological 
simulation model, Cardille et al. (2007) demonstrated 
how landscape connectivity (among lakes and their 
catchments) had a major effect on hydrological and carbon 
budgets.  Importantly, however, this connectivity varied 
considerably, and affected how lakes processed and 
stored organic carbon.  The model showed that climate 
and land-use changes have made these interactions more 
dynamic.  Given that the study focussed on an area with 
~7000 lakes, it highlights the problem of inferring regional 
representative signals from a limited number of palae-
olimnological sites.  Studies such as those of Ferland and 
Cardille but which also incorporate a palaeolimnological 
perspective could address questions concerning catchment 
vegetation–lake-diversity interactions and their feedbacks 
into the climate system (i.e. carbon sequestration, the 
development of allochthony in lakes and associated 
implications for lake functioning).  This type of landscape 
modelling would help to explain regional variability in 
Holocene palaeolimnological records (Velle et al., 2010).
4.3  Catchment disturbance and 
hydrological connectivity 
Both vegetation succession and disturbance (forest 
clearance, fire) have considerable effects on local, catchment 
runoff and regional hydrology through the influence on 
evapotranspiration, groundwater recharge and surface 
runoff (Curtis & Schindler, 1997).  The effect of these 
hydrological changes on lakes can be profound, through 
altered erosion (siltation, light), nutrient loadings and 
water balance to the extent that lake sediment records can 
be used as long-term records of hydrological disturbance 
(Dearing & Foster, 1993; Walling, 1999).  Climate effects 
on hydrological budgets (and evaporative concentration 
of salts) allow a direct and perhaps an unambiguous 
approach to climate–lake interactions (Fritz, 1996), but 
even here there can be considerable among lake differences 
(Schmieder et al., 2013) (see also Fig. 8). 
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4.3.1  Hydrological connectivity 
Lake response to catchment disturbance (and hence the 
sediment signal) while clearly influenced by the intensity 
of the disturbance and its areal extent (and catchment:lake 
ratio), is mediated by the geomorphic setting and 
hydrological connectivity of the lake to its catchment (Fig. 
1).  These factors play a substantial role in determining the 
effect of a disturbance on a lake’s biota.  Streams and their 
proximity to any disturbance will influence the physical 
transfer of solutes and sediment to a lake, as well catchment 
slope.  The important role of hydrological pathways for 
nutrient loading on lakes is highlighted by contemporary 
studies of P loss from agricultural catchments, with 
diffuse phosphorus loss from catchments shown to be 
highly localised in both space and time, reflecting runoff 
intensity as well as land use (Fraterrigo & Downing, 2008). 
Contrasting “variable source areas” contribute to among 
lake differences at the landscape scale (Gergel et al., 2002). 
Presumably, similar spatially- explicit processes (“hotspots” 
sensu McClain et al., 2003) operated in the past and were 
a function of catchment disturbances.  Anthropogenic 
impacts on catchment hydrology (drainage, damming, 
removal of riparian zones) are pronounced in much 
of north-west Europe (as well as Central America and 
south-west Asia) over a range of timescales (Brown, 2002) 
and have substantial impacts on hydrological budgets 
and nutrient loadings (Krug, 1993).  Natural climate 
variability will impact on catchment–lake interactions both 
directly though the hydrological budget and vegetation 
dynamics (Almquist-Jacobsen et al., 1992; Fritz, 1996).
In some lakes, it is possible to use the sediment record 
as a proxy for long-term (>102 yr) flood intensity (Wilhelm 
et al., 2013).  At Kassjön, the varved record permitted a 
~6300 yr record of channel erosion (Petterson et al., 2010) 
(Fig. 2) which in part reflects the intensity of the spring 
snow melt in this northern catchment: in the boreal 
forest surface (top soil) erosion is unlikely due to the 
limited surface runoff/hydrological pathways (Laudon 
et al., 2007), although forest clearance (and comparative 
natural disturbances such as fire) alter this situation.
Hydrology can override limnological (water 
chemistry) controls on production and biological structure, 
particularly in lakes located on large floodplains where 
there is a considerable influence of fluvial discharge.  For 
example, McGowan et al. (2011) showed how reduced 
flood frequency on the Peace-Athabasca delta results 
in lower primary production while the annual fluvial 
inputs and associated silt load on lakes on the lower 
Yangtze floodplain has a strong influence on the in-lake 
light climate, resulting in the dominance of Aulacoseira 
granulata (Liu et al., 2012).  Both of these regions are now 
affected by GEC processes, including lake drainage, 
damming and climate-driven changes in runoff. 
Hydrological connectivity at the landscape scale also 
has more subtle but possibly profound effects on lake 
functioning through the influence of geomorphology on 
fish migration and the trophic cascade, nutrient cycling 
and productivity (Magnuson & Kratz, 2000; Jeppesen 
et al., 2001).  The impact of fish on previously remote, 
oligotrophic fishless lakes is well known from studies of fish 
stocking (Leavitt et al., 1994).  In nature, fish migration can 
be blocked by physical features (e.g. waterfalls) (Hershey 
et al., 1999) but landscape development, notably isostatic 
response to deglaciation which changes flow patterns, 
allows previously inaccessible lakes to by colonised by 
migrating fish.  Many lakes today in south-west Greenland 
are fishless but their presence today is clearly observable in 
the zooplankton community due to size selective predation 
(Lauridsen et al., 2001).  In a small lake in south-west 
Greenland, Heggen et al. (2010) inferred that the extirpation 
of Lepdirus arcticus was due to the arrival of fish, presumably 
due to a combination of landscape and climate changes. 
For many lake districts, hydrological connectivity, 
which has been enhanced by anthropogenic activity, 
plays a major role in allowing the progression of aquatic 
biological invaders across a landscape, most notably the 
expansion of zebra mussel (Dreissena) in North America 
and Europe.  This keystone species has such a profound 
effect on lake foodwebs and productivity that its arrival 
should be visible in the sediment record.  In contrast, 
physical constraints on fish migration can also influence 
marine-derived nutrient subsidies for both lakes and 
their catchments (e.g. salmon migration in the north-west 
American continent) (Selbie et al., 2009).  The great 
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unknown with regard to hydrological pathways and their 
impact on nutrient/DOC transfer is beavers (Gurnell, 1998). 
These natural ecosystem engineers have a profound effect 
on hydrology and nutrient dynamics in boreal forests 
and lakes.  Their historical impact can only be surmised.
While erosion–lake interactions have focussed on 
surface hydrology, lakes in some areas (unconsolidated 
glacial deposits) are strongly influenced by groundwater 
(Almendinger, 1990).  Although lakes respond to actively 
changing P:E balance in semi-arid areas and are effective 
recorders of climate (Fritz, 2008) their water chemistry 
(and by implication, their biological response) is also 
influenced by their location in the groundwater landscape 
(aquifer).  Importantly, the degree of groundwater 
influence varies across the landscape and can determine 
their response to climate forcing.  It follows that a palae-
olimnological study of an individual lake is highly 
unlikely to be representative of the regional pattern 
response to climate forcing (Webster et al., 1996). 
4.3.2  Land-cover change and soil erosion
Where lakes have distinct inflows, lake sediments 
provide high resolution records of [minerogenic] erosion, 
sub-annual in many cases (Ojala & Alenius, 2005) (cf. Fig. 
2).  In the absence of anthropogenic catchment disturbance 
these records are related in some way to climate; 
interpreting the link to climate requires an understanding 
of the regional climate, annual variability in catchment 
hydrology, erosional processes and sediment delivery 
pathways (Dearing & Jones, 2003; Lamoureux, 1999; 
Lamoureux & Gilbert, 2004). 
From a geomorphological perspective, catchment 
characteristics and the influence of sediment yield have 
been considered for a number of years (see Section 
4.3.3).  Lake sediment records have shown clearly the 
increased erosion rates associated with forest clearance 
both in Europe and North America (Zolitschka, 1998). 
In naturally open landscapes and anthropogenic-
disturbed catchments where vegetation cover has been 
fragmented, geomorphologists have made considerable 
progress in determining source–sink relationships (top 
soil versus channel, spatially-distinct sediment sources) 
for the inorganic fractions retained in lake sediments 
(Dearing, 1991).  It is clear that sediment delivery is 
controlled by sediment transport pathways (slope versus 
channel) within a catchment and the role of disturbance 
in altering these (Dearing, 1991).  At a broader scale, 
sediment yield decreases as catchment:lake ratios increase 
due to greater sediment storage in larger catchments. 
Mineral magnetics has a long history as a tracer in 
soil erosion studies (Dearing et al., 1981).  It is possible 
to proportion soil sources based on their magnetic 
characteristics, because of the differences between top soil 
and channel banks (Dearing, 1991).  Using radionuclide 
tracers and/or mineral magnetics to fingerprint possible 
source areas, mixing models can then be used to identify 
the dominant sources contributing to the lake sediment 
assemblage (Walling et al., 1999).  Hatfield et al. (2008) 
used fuzzy modelling (incorporating mineral magnetic 
ratio data) to make spatially explicit reconstructions 
of sediment sources from within a catchment in the 
English Lake District.  Importantly, this study showed 
that the main sediment sources within the Bassenthwaite 
catchment have changed over the last 150 years. 
It has been suggested that sediment yields in European 
catchments were not influenced by climate forcing or 
natural disturbances at decadal/century scales prior to 
anthropogenic land cover changes (Walling, 1999).  In 
contrast, some anthropogenic-unimpacted catchments 
in the Americas show very dynamic sediment delivery 
throughout the Holocene.  In part, this is a reflection 
of geology and catchment morphology (Rodbell et al., 
1999) but also the susceptibility of landscapes to repeated 
disturbance, such as fire (Shakesby & Doerr, 2006). 
The recurrent nature of fire in the semi-arid montane 
areas of western North America creates situations for 
pulsed erosion (Meyer et al., 1992).  Fire-adapted forest 
ecosystems are linked to geomorphic responses that are 
clearly modulated by local catchment factors that explain 
differences in sediment yield among sites (Engstrom 
et al., 1991).  Fire coupled with regional variability in 
rainfall intensity influences sediment yield: the severity 
and depth of the burning influences post-fire soil erosion 
and transfer of soil associated nutrients and soil organic 
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matter (SOM) (Bain et al., 2012).  The rate of post-fire 
vegetation recovery, debris dams on streams and soil 
litter also influence the lateral transfer of nutrients and 
create lags in terms of the time catchment vegetation, and 
hence the lake, take to recover (Shakesby & Doerr, 2006). 
At high latitudes, consideration of the geomorphological 
setting (Rubensdotter & Rosqvist, 2003) and the effect of 
climate on vegetation stability (die-back) and permafrost 
thaw, goes some way to explaining the dynamic and 
contrasting response of adjacent arctic lake-catchments 
to Holocene environmental change (Anderson et al., 
2012b).  The European tradition of using colluvial 
deposits (coupled with anecdotal/ documentary 
evidence and lake sediment records) (Dotterweich, 2008) 
allows an holistic reconstruction of catchment sediment 
dynamics and the anthropogenic and climatic drivers. 
Catchment land-use can be mapped for recent time 
periods (102 yr timescales) and lake response modelled 
(Siver et al., 1996). Thierfelder (1998), for example, has 
used catchment characteristics to model water chemistry 
in boreal lakes.  However, the development of geomorphic 
models of landscape evolution (Peckham, 2003, Phillips, 
2009) coupled with cellular models of erosional transport 
across landscapes offers considerable hope for future 
studies of long-term (103 yr timescales) linkages between 
catchment evolution and sediment yield (De Brue & 
Verstraeten, 2014), where both climatic variability and 
vegetation disturbance (derived from pollen records) are 
included.  Spatial reconstructions of the temporal and 
spatial variability of vegetation (see Anderson et al., 2006) 
and fire (as predictors; see (Lotter & Anderson, 2012)) could 
then be linked to lake biological proxies (responses) (cf. Fig. 
7).  Used together with proxies for transfer of particulate 
organic carbon (POC)/DOC from soil to water  (Rosen & 
Hammarlund, 2007), this approach could have important 
implications for understanding long-term trends in lake 
functioning at the landscape scale (Cardille et al., 2007).
4.3.3  Long-term land cover change and 
quantifying element fluxes
Natural catchment disturbance coupled with soil 
erosion (and associated nutrient transfer) has profound 
implications for lake productivity and ecological 
structure, but with the development of (subsistence) 
slash and burn agriculture, the rate of nutrient transfer to 
aquatic ecosystems from terrestrial catchments increases 
substantially (Walling, 1999).  The impact of anthropogenic 
deforestation associated with agricultural intensification 
is clear in lake sediments from Europe (Zolitschka, 1998), 
Central America (Anselmetti et al., 2007) and North 
America (Ekdahl et al., 2004).  The responses of lowland 
temperate lakes to early agriculture reflects the intensity of 
the disturbance and soil type (hence the nutrient export) 
but also the spatial extent of deforestation, catchment relief 
and hydrological pathways (see above).  Quantifying the 
effect of these changes on element loadings is less than 
straightforward. 
Landscape spatial heterogeneity and within-lake 
spatial variability (Section 4.4) collide when element fluxes 
are reconstructed over time.  Nutrient (element) budgets 
are a central component of contemporary ecosystem and 
limnology and reflect catchment land-cover (vegetation) 
and land-use (Dillon et al., 1991).  As a result, changing 
catchment land-use is implicit in any sediment core 
record interpreted in terms of material/element fluxes 
(N, P, C) (nutrient loadings and their ecological response) 
usually in relation to cultural eutrophication (Bradshaw 
et al., 2005).  But in many studies, catchment disturbance 
is not considered in an explicitly quantitative manner 
and the change in element flux is not quantified and/or 
not corrected for sediment focussing.  This is important, 
given the need to quantify the effect of disturbance at a 
catchment scale.  We must move away from qualitative 
records: single cores are unlikely to provide quantitative 
averages that can be compared regionally unless they 
are corrected for focussing (see Anderson et al., 2013).
In the context of holistic ecosystem studies, whole-basin 
element fluxes (which control for in-lake spatial variability) 
provide quantification and among lake comparisons can 
be made (Engstrom & Rose, 2013).  Quantifying element 
DOI: 10.1608/FRJ-7.2.811
103Landscape disturbance and lake response
Freshwater Reviews (2014) 7, pp. 77-120 
fluxes (as e.g., g Pb m-2 yr-1) is something that palaeolimnol-
ogists do well and are incorporated into regional pollution 
process studies (Dillon & Evans, 1982, Fitzgerald et al., 
2005).  Where multiple whole-basin studies of element 
fluxes have been undertaken at the landscape scale it 
is possible to make quantitative process inferences that 
can be used predictively, for example, about the effect 
of catchment:lake ratios on degree of sediment delivery 
and storage in catchments (Dearing & Foster, 1993) and 
regional Hg loadings (Fitzgerald et al., 2005).  There have 
been some attempts to quantify past land-use (within the 
period of documentary data) and relate this quantitatively 
to changing water chemistry, inferred from the sediment 
record (Foy et al., 2003, Heathwaite, 1994, Siver et al., 
1999).  Biological palaeolimnology is, however, dominated 
by a one lake, one core philosophy; there is a clear need 
for regionally replicated studies of whole-basin nutrient 
fluxes and biological responses (Biogenic silica (BSi) etc).
4.3.4  Quantifying the lake response
Long-term catchment disturbance, soil erosion and altered 
biogeochemical cycling have profound effects on lakes. 
Erosion alters the light climate (Donohue & Molinos, 2009) 
and is probably an important means of accelerating the 
development of a substantial internal P-load in lakes.  While 
catchments mediate the lake response, there are spatially-
explicit effects such as enhanced siltation in the littoral 
zone and altered lake morphometry (due to more rapid 
infilling).  Contemporary studies show that the increased 
nutrient transfer (N, P) increases lake productivity, 
but how to quantify this for the Neolithic or Iron Age? 
Arguably, for many studies, the responses have been 
determined in essentially qualitative terms, i.e. increased 
sediment organic content, increased plankton percentages 
and qualitative measures of diatom ecology (Fritz, 1989). 
Application of diatom-inferred TP (di-TP) models attempts 
to quantify the altered nutrient dynamics associated with 
agricultural development, and its application in Denmark 
suggested that profound impacts occurred during the Iron 
Age but most notably during the early-Medieval periods 
(Bradshaw et al., 2005).  Ignoring the statistical problems 
with the approach (Juggins et al., 2013), di-TP records are 
not a measure of P-loading or lake production.  Nutrient 
loadings derived from geochemistry are only reliable 
until hypolimnetic anoxia occurs; similarly, coupled 
models (Rippey & Anderson, 1996) also suffer from the 
application of invalid di-TP values.  As a result, changes in 
P-loading on lakes associated with catchment disturbance 
and expansion of early agriculture remains an unresolved 
problem.
Anderson et al. (1995) used diatom biovolume fluxes 
(corrected for sediment focussing) to quantify in-lake 
production to the start of agriculture (Fig. 3).  Whole-basin 
biogenic silica fluxes are perhaps a more rapid and reliable 
indicator (Triplett et al., 2009).  Arguably, the simplest 
proxy is the organic C accumulation rate [AR] (Fig. 3) but 
this does not distinguish autochthonous production from 
transfer and burial of soil C associated with catchment 
disturbance.  Stable isotope (δ13C) and C/N ratio can 
help differentiate C sources but their interpretation 
remains problematic (Ekdahl et al., 2004).  Biomarkers 
might allow this to be differentiated more fully.
Whole-basin studies that integrate element fluxes 
and biological responses to land-use change are rare.  A 
notable exception is the study of a natural impoundment 
on the St Croix river, where whole-basin fluxes of P, Si 
and minerogenic sediment were compared with pigment 
records of non-siliceous algae and diatoms (Engstrom 
et al., 2009).  An alternative approach is to correct single 
cores for sediment focussing using the 210Pb flux method 
which allows quantitative comparisons among lakes. 
Anderson et al. (2013) used this approach to determine 
regional variability in organic C burial rates before 
and after European settlement in Minnesota (USA). 
4.3.5  Regional coherence in palaeolimnology
The development of the landscape concept in limnology 
(Box 2) provides a template for regionally-replicated 
studies in palaeolimnology and the possibility of 
understanding and quantifying the degree of coherence 
in the response to disturbance among lakes.  There are, 
however, a number of important considerations in relation 
to the study of spatial replication in palaeolimnology: 
firstly, at what spatial (and temporal) scale is an individual 
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lake representative; secondly, within a region, do all lakes 
show similar trends; and thirdly, is location a significant 
aspect of spatially coherent ecological change, if it is 
observed?  The latter assumes that space/location have 
been built into the analysis in an explicit way, which is rare. 
Ignoring assumptions about whether an individual lake 
is representative of a larger population, single site studies 
can be informative only if their relationship to the stressors 
of interest are clearly understood (Jassby, 1998).  Similarly, 
in palaeolimnology detailed multiproxy analyses at a 
single site (e.g. Kråkenes) (Birks et al., 2000) teach us a lot 
about ecological processes, their complexity (interactions) 
and their temporal variability over time (Birks & Birks, 
2006).  There is, however, a clear need to move towards 
understanding regional pattern (via replication) to enable 
more valid predictions about ecological trajectories, against 
a background of multiple stressors, to be made. 
The limitations of n=1 immediately became apparent 
in the debates surrounding acidification in the 1980s, 
when it was important to show that acidified lakes were 
not isolated occurrences but there was both regional (i.e. 
south-west Scotland (Flower et al., 1987)) and continental 
(e.g. pan-European) systematic patterns in the timing 
and response of lakes to acid deposition (Battarbee, 1990). 
Although multi-site palaeolimnological studies are now 
more common, single lake studies still predominate. 
Regional lake studies attempt to answer the questions: do all 
sites show a similar timing in the start of ecological change 
and are rates of change comparable?  However, they often 
do not explicitly consider the extent to which among site 
differences are explicable in terms of catchment dynamics. 
The predictability of ecosystem response to disturbance 
and temporal scaling are related (Harris 1980) but lake 
location in the landscape will also affect the response (Box 
2; Section 4.3.5).  It is relatively easy to predict the ecological 
outcome of substantial anthropogenic disturbances (such 
as eutrophication and acidification) at relatively coarse 
temporal and spatial scales (e.g. Fig. 4).  For example, 
the post-1950 increase in aquatic production is clearly 
associated with the rise of global fertiliser use and increased 
nutrient loading on lakes at decadal timescales (Smith, 2003, 
Anderson et al., 2014).  But at finer temporal and spatial 
scales, among site variability becomes more apparent.
In regional studies that use multiple lakes the 
complexity of lake responses becomes clearer due to 
site-specific responses, that reflect local factors and 
regional GEC drivers, as well as climate change (Patoine 
& Leavitt, 2006).  One approach that increases the number 
of lakes, is to use a “top and bottom” approach, where 
a basal sample, which is assumed to predate the start of 
anthropogenic disturbance, is compared with the surface 
sample.  Although this approach does not consider 
temporal coherence sensu stricto, it does increase the 
statistical power due to the larger sample size (Cumming 
et al., 1992).  Influenced by the lake acidification debate, 
multi-site studies were made of eutrophication (Bennion 
et al., 2004) but it has been rare to include space/location 
as an explanatory variable (see Section 4.2.1).  A notable 
exception is Leavitt and co-workers studies’ of a chain of 
prairie lakes along the Qu’Appelle River (Saskatchewan, 
Canada) (see Box 2).  Pigment analyses revealed complex 
responses of diatoms and Cyanobacteria to climate and 
nutrient loading at decadal timescales, with limited 
synchrony in algal responses (Patoine & Leavitt, 2006). 
Moreover, many multiple site studies of eutrophication, 
for example, often use only diatoms (e.g. Anderson 
(1997)) and multi-proxy studies of eutrophication tend 
to be site-specific (Davidson et al., 2005).  However, 
the coarse spatial (and temporal; i.e. 101–102 yr) scales 
used combined with strong ecological forcing (such as 
P loading and SO4 deposition) allow conclusions to be 
generalised at the regional scale (Bennion et al., 2004).
While regional coherence at decadal timescales 
can clearly be identified in lake responses to cultural 
eutrophication and acidification, there is a clear need for 
spatial replication to understand lake response to natural 
disturbance/forcing.  Terrestrial ecosystems and lakes often 
show broad coherence at 102–103 yr timescales in response 
to climate forcing; for example, there is some degree of 
ecosystem change with neoglacial cooling from 4500 yr BP 
at many sites and the ecological response to Late Glacial 
climatic change is broadly similar in Europe and North 
America (Haworth, 1972; Birks et al., 2000).  However, 
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with more subtle climate forcing identifying the ecological 
effect is more difficult.  Finer temporal-scale studies 
of multiple lakes within a given geographic area, will 
probably reveal much greater variability and complexity in 
the response of individual lakes to climate.  For example, 
it is clear that there is considerable temporal variability 
of chironomid community response to environmental 
change during the Holocene in Norway (Velle et al., 2005). 
Greater replication at regional scale would undoubtedly 
reveal greater heterogeneity and highlight the influence 
of catchment filters and landscape heterogeneity.
Analysing regionally replicated datasets using 
landscape variables might explain among-site differences; 
clearly not all lakes behave similarly due to the role of 
catchment filtering (Leavitt et al., 2009) (Box 2).  There 
are, however, elegant studies where multiple sites have 
been analysed for a suite of variables, see for example 
Umbanhowar et al. (2011) and Engstrom et al. (2000).  In 
such studies, spatial replication generally reveals complex 
responses within small geographic areas and highlights 
the role of catchment and in-lake processes in filtering 
the assumed climate forcing signal.  It is not unexpected 
that sites in the temperate-boreal forest landscape with 
contrasting catchment:lake ratios, disturbance hsitories 
and hydrological connectivity produce spatially variable 
results (Hall & Smol, 1993).  But even in the tundra 
landscape of south-west Greenland where there is limited 
hydrological runoff, lakes exhibited contrasting results 
to climate forcing of the last 500 years (Reuss et al., 2013), 
highlighting the variable response at the landscape scale. 
4.4  In-lake spatial heterogeneity 
Just as terrestrial landscapes and ecosystems are inherently 
variable (Turner, 2010), so too are lakes, particularly the 
littoral zone which has its own landscape ecology (Lodge 
et al., 1988) (see Fig. 9).  Within-lake habitat heterogeneity 
is created by the interaction of the physical environment 
(substratum, wind stress, morphometry, light [DOC 
concentration]) with biotic factors, notably macrophyte 
abundance, and results in diverse littoral community 
structure.  Littoral diversity also influences important 
biological processes (material processing, trophic 
interactions, littoral-pelagic coupling).  Globally, small 
lakes are the most important numerically (Downing et al., 
2006; Hanson et al., 2007) and small lakes are dominated 
by the littoral zone, and most (but not all) palaeolimnology 
is undertaken on small lakes.  For many lakes, at least 
those that have not undergone cultural eutrophication, 
the littoral zone dominates whole-lake production (Fig. 10; 
(Vadeboncoeur et al., 2002)).  The littoral zone can act as a 
filter of catchment inputs, particularly of sediment leading 
to enhanced sediment accumulation (Carpenter, 1981) 
while DOC and nutrient inputs can also be preferentially 
retained enhancing production and microbial processing 
(Reynolds, 2008).
Within-lake spatial variability adds an extra layer 
of complexity to the problem of relating sediment core 
records to catchment disturbance.  Palaeolimnology 
tends to use sediment cores taken from the centre of a 
Fig. 10.  Comparative whole-basin diatom accumulation rates 
for three lakes that have undergone point source eutrophication 
(Lough Augher, Northern Ireland ●), catchment forest clearance 
and agricultural development (Kassjön, northern Sweden ) 
and acidification (Gaffeln, south-west Sweden ▲).  Whole-basin 
estimates allow direct comparison among lakes of the different 
responses in terms of diatom production [as frustule accumulation 
rates] but also show clearly the dominance of the littoral zone to 
whole lake diatom palaeoproduction (see Vadebonceour, et al. 
2002).  (Redrawn from Anderson & Battarbee, 1994.)
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lake, in the deepest part (Engstrom & Rose, 2013).  These 
sites are, in general unrepresentative, both in terms of 
species assemblages and element fluxes (Anderson, 1989; 
Engstrom & Rose, 2013).  While it can be argued that the 
community trends derived from centrally-located sediment 
cores are representative in a qualitative sense, quantifying 
the response of the littoral zone to lake and catchment 
disturbance is difficult using a single core (see Section 4.3.3). 
The littoral zone contains much of the species 
diversity within a lake, but unfortunately much of this 
diversity does not readily translate to the sediment record, 
certainly not that recorded in a single core taken from 
the centre of a lake.  Not all in-lake spatial heterogeneity 
is removed in the homogenisation processes (associated 
with resuspension and sedimentation) as is commonly 
assumed by palaeolimnologists.  Moreover, the use of 
microfossils in centrally-located sediment cores as records 
of beta-diversity (Pla-Rabes et al., 2011) tend to over-look 
the filtering effects of taphonomy (biases) and the greater 
diversity of the littoral zone (Anderson & Battarbee, 1994). 
Diatoms, zooplankton and chironomids (three groups 
of taxa which leave the best fossil records generally) are, 
in most lakes, dominated by littoral forms which are 
often under-represented in deep-water cores (Anderson 
et al., 1994, Kingsbury et al., 2012).  Macrofossils are 
notoriously spatially variable, certainly in quantitative 
terms if not always qualitatively (Zhao et al., 2006). 
Spatial variability of sedimentation processes etc 
is most clearly illustrated by the restricted nature of 
varved sediments: these only occur in deep-water zones 
with low energy and anoxic hypolimnetic bottom 
waters.  While shifting patterns of sedimentation within 
a basin due to changing energy inputs complicate 
interpretation of single cores (Engstrom & Swain, 
1986), climate-driven (groundwater) lake level changes 
result in changed water depth that influence light 
penetration and benthic habitat availability, adding 
an extra layer of complexity (Stone & Fritz, 2004). 
The problem of spatial variability and reconstructing 
the littoral zone (community dynamics, species turnover 
and production) has been largely ignored by palaeolimnol-
ogists.  Moreover, there have been few attempts to address 
the palaeoecology of the littoral zone in a quantitative 
fashion.  Apart from estimates of littoral diatom 
production (Fig. 10) (Anderson et al., 1995), there has been 
no comparable attempt to quantify benthic invertebrate 
or littoral zooplankton production.  For example, those 
working with palaeo-chironomid dynamics have been 
very reluctant to address issues of spatial variability 
and complexity of community structure within lakes 
and the implications this has for palaeoenvironmental 
reconstructions.  Moreover, if lake production is dominated 
by the littoral zone but inferences about state-changes 
(Randsalu-Wendrup et al., 2012) are derived from 
deep-water cores which underestimate the littoral zone, 
both in terms of productivity and species diversity, where 
does this leave inferences about whole lake state changes? 
4.5  Problems and potential
While the temporal variability of ecological structure 
among lakes at the landscape scale at <101–102 yr timescales 
is the norm, this assumption is rarely addressed in an 
explicit fashion.  Environmental heterogeneity, both 
catchment and in-lake (Fig. 9), needs to be integrated in 
a more explicit fashion into palaeolimnology, as with 
contemporary limnology (Magnuson & Kratz, 2000). 
The focus on high-temporal resolution sediment profiles 
derived from a single deep-water sediment core, which 
are required for studies of disturbance and state change 
(cf. Section 3.2.1), largely precludes any meaningful 
incorporation of littoral diversity and quantitative estimates 
of whole-basin fluxes, let alone replication at the landscape 
scale.  Single cores limit any understanding of quantitative 
and holistic lake responses to disturbance.  There is the 
possibility of reconstructing whole-lake production – e.g. 
diatoms, coupled with pigments for non-siliceous algae, 
plus chironomids and zooplankton as indicative of higher 
trophic levels – but this has not been done. 
While there needs to be awareness of the scale 
dependency of ecological interpretation, there is 
a greater need for systematic spatial replication of 
lake response to natural (climate) disturbance at the 
landscape scale (Umbanhowar et al., 2011), as has been 
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done for anthropogenic drivers (Bennion et al., 2004, 
Patoine & Leavitt, 2006).  There is considerable among 
lake variability in response to regional climate forcing 
at small spatial scales, highlighting the importance of 
lake-catchment specific processes, which has not been 
addressed systematically.  There are increasing number 
of Holocene records, e.g. of climate–fire linkages (Gavin 
et al., 2007) but relatively few of ecological response to 
these changing disturbance regimes.  Velle et al. (2005) 
studied a number of Holocene profiles of chironomids in 
Norwegian lakes, mainly to test their reliability as climate 
indicators.  Clearly climate is not the only factor controlling 
chironomid changes and other factors, including in-lake 
characteristics, need to be considered (Velle et al., 2010). 
Regional spatial variability is an inherent and important 
component of ecosystems (Turner, 2010) but seems to be 
ignored in many palaeolimnological studies.  There need 
to be more regionally replicated studies (at both 210Pb and 
14C timescales) where multiple lakes are studied to identify 
the range of regional responses and allow catchment 
and lake specific factors to be assessed.  Among lake 
comparisons (to consider synchrony at decadal or longer 
timescales) requires good dating control: it is very difficult 
to compare among lake variability (regional patterns) 
at high temporal resolution due to dating constraints, 
even using varves.  Multiple lake studies (with multiple 
proxies) need to be coupled with catchment hydrological 
and vegetation modelling.  Technological progress means 
that more analyses of, for example, XRF, grey scale, HPLC 
pigments and BSi, are now possible allowing multiple 
lakes to be sampled.  The more rapid biogeochemical 
analyses can be combined with low count, diatom analyses 
as pioneered by Renberg (1990) to create large datasets that 
can interrogated for spatial and temporal patterns (Dixit 
et al., 2000).  If a whole lake ecological response is to be 
considered then at least one littoral core should be included. 
Most lake biological diversity is found in the littoral 
zone, which can be addressed by taking shallow water cores 
but these will have much lower sediment accumulation 
rates and greater taphonomic (mineralisation) losses, 
so any attempt to create a whole-lake reconstruction of 
shifting community dynamics, while feasible, will be at a 
relatively coarse temporal resolution (Leavitt & Carpenter, 
1989; Anderson et al., 1994).  This then constrains the 
ecological interpretation/analysis of the changes over 
time in terms of drivers of change, as the latter will have 
to be time averaged to fit the resolution of the core data.
In whole-basin fluxes, where temporal resolution is 
reduced to the lowest observed sediment accumulation 
rate, results are presented as decadal (or greater) means 
(Dearing et al. 1981; Engstrom & Swain 1986).  This 
problem can be circumvented to some extent by using 
focussing correction factors (e.g. derived from 210Pb) but 
this does not solve the problem of bias towards planktonic 
taxa and the underrepresentation of the littoral zone. 
Moreover, 210Pb dating of littoral cores, as with cores 
from shallow lakes, can be highly problematical due to 
mixing and erosion.  At longer timescales, hiatuses can 
occur in the littoral zone and/or the onset of sedimentation 
can be delayed as the depositional zone expands 
into shallow water as a lake infills (Digerfeldt, 1988).
5. Conclusion – the space-time 
complexity conundrum
“Limnology has tended to adopt certain limited scales 
of analysis and taxonomic resolutions, and so our 
understanding of the organisation of limnetic communities 
has been constrained by these choices” 
(Neill, 1994; p. 189)
Our understanding of ecosystem dynamics is incomplete 
in that it is not possible to predict the ecological response 
to a given natural disturbance with any confidence beyond 
broad generalisations (Turner, 2010). In part, this is because 
of their complexity but also because of the limited temporal 
perspective we have of ecological change in many systems. 
This temporal myopia creates fundamental problems 
in defining the extent and rate of changes in a system; 
baselines against which both initial change as well as 
restoration success can be measured are often missing. 
Moreover, the degree of natural variability is an important 
aspect of understanding lake ecosystem dynamics and 
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palaeolimnology provides the longer temporal perspective 
context (Battarbee et al., 2012).
One could argue that Neill (1994), in his review 
of temporal and spatial scaling in freshwater systems, 
ignored the palaeolimnological literature either because 
of ignorance, indifference or because of its presumed 
irrelevance to contemporary limnological problems. 
Similarly, Carpenter et al. (2007) provide a context for 
limnological change in Wisconsin but largely ignore the 
imposition of anthropogenic disturbance (i.e. European 
settlement) on natural, regional ecosystem dynamics. 
Carbon burial rates in adjacent Minnesota increased by a 
factor of three following European settlement (Anderson 
et al., 2013) and there is strong evidence to indicate that the 
catchments have yet to stabilise (Robert Dietz, unpublished 
ms).  The role of landscape memory and its impact on 
process in such areas has to be addressed (Stallins, 2006).
Most of the sites of long-term monitoring which 
have underpinned progress in limnological research, e.g. 
Windermere, Tahoe, Washington, Lough Neagh, Mendota 
and Zurich, have all undergone cultural eutrophication 
and at all sites monitoring programmes started after 
the beginning of disturbance.  Much has been made 
by limnologists of the “invisible present” (Magnuson 
& Kratz, 2000; Magnuson et al., 2004), a concept used 
to promote the importance of long-term monitoring 
data.  Their importance is indisputable but similarly it 
is arguable that incorporation of a palaeolimnological 
perspective can indicate the extent to which lakes have 
been disturbed over longer timescales and strengthen 
management and restoration scenarios (Foy et al., 2003).
The use of lake sediment records as natural experiments 
requires careful site selection, good time control and critical 
sampling strategies (Birks, 1998).  From a methodological 
viewpoint, it is the long-term perspective of natural variance 
within lakes which offers the greatest challenges but also, 
perhaps, the greater ecological relevance (Turner, 2010). 
There is undoubtedly an important (largely undeveloped) 
role for high-resolution sediment records of natural 
variance and disturbance regimes in lakes (Cottingham et 
al. 2000).  Just as the timescale of contemporary ecological 
experiments can constrain their interpretation (Carpenter, 
1998), a short-term view of ecological change in lakes limits 
both management contexts and concepts of naturalness 
(Battarbee et al., 2005; Willis & Birks, 2006).  What is 
required now is an integrated theoretical basis for long-term 
studies of natural variability and ecosystem development 
in lakes which incorporates palaeo-studies, as has been 
undertaken for terrestrial vegetation (Turner, 2010). 
Palaeolimnologists have tended to focus on temporal 
aspects of disturbance while treating the underlying spatial 
component of catchment dynamics, which drives temporal 
variability, implicitly.  Moreover, the effect of landscape 
scale spatial variability (i.e. lake location) on how the 
sediment record is interpreted has tended to be ignored. 
There are elegant, multiproxy studies in palaeolimnology 
(Birks & Birks, 2006), but a problem is replicating such 
studies regionally and secondly, fully incorporating the 
littoral zone into high temporal resolution reconstructions 
of ecological dynamics in lakes.  For an individual lake, 
one core underrepresents the littoral zone and may not 
be representative in quantitative terms, of mass fluxes or 
whole lake past production (Anderson, 1989; Engstrom & 
Rose, 2013).  For multi-site, regional studies, recognising 
and attempting to reconstruct ecological complexity, 
through the use of multi-proxy data brings a new problem, 
how to analyse and integrate such complex datasets 
at the regional scale?  Where multiple sites are used, 
the number of variable proxies used is often reduced 
and/or landscape position is not treated quantitatively. 
Nearby lakes often do not show a similar ecological 
trajectory and there is, therefore, a clear need for spatial 
replication at the landscape scale.  Many aspects of 
landscape history are observable in the sediment 
record, but a more explicit consideration of catchment 
variability as an over-arching control when interpreting 
sediment records would be beneficial (i.e. explicit studies 
of coherence).  This goal could be addressed through 
comparison of multiple site studies with contrasting 
catchment characteristics which will allow some of the 
among-site variability to be explained.  There is a need to 
recognise ecological complexity, not simplify (or ignore) it 
but incorporate it into the analytical framework.  A better 
appreciation of a lake’s location in landscape and the 
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role of catchments in filtering GEC processes historically 
(Leavitt et al., 2009) at a range of spatial and temporal scales 
(Table 1) will help us understand how lakes will respond to 
future natural and anthropogenic disturbance (Magnuson 
et al., 2004; Dearing et al., 2006; Battarbee et al., 2012).
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